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ABSTRACT
Wetland Mitigation Performance Standards: The Intersection of Science, Practice, and Policy
Jessica A. Bryzek
Wetland ecosystem spatial extent and integrity have declined due to conversion to
anthropogenic land uses. Wetland mitigation offsets the impact on wetlands encountered during
development by restoring a previously degraded wetland or creating new wetlands. This activity
creates an ecosystem service market where wetland impacts (debits) are offset by wetland
restoration/creation (credits). Mitigation aims to replace functions provided by aquatic resources
lost during development. Post-restoration monitoring criteria known as performance standards
are used to evaluate and verify restored wetland functionality and regulate mitigation credit
release. Therefore, performance standards are vital in ascertaining wetland restoration techniques
and mitigation processes. In Chapter 1, I discuss considerations and perspectives of performance
standards as a bridge between the management and ecological environments of wetland
mitigation.
In Chapter 2, I explore performance standards as part of the management environment. I
evaluate differences among state performance standard strategies. While federal legislation is the
primary driver for wetland mitigation, federal and state agencies regulate and oversee wetland
mitigation programs. Using a mixed-method approach, I investigate the extent of state
involvement in the performance standard determination process. In addition, I explore how
performance standards differ among states. Using data from semi-structured interviews with state
agency personnel and online database reviews, I rank states based on the inclusion of
performance standard criteria in legislation: none (18), some (18), moderate (7), extensive (7).
Through interviews, I discovered guidance documents play a prominent role in decision-making,
with 35 states referencing guidance documents during this research study. I classified documents
by authorship: state only (18) and federal and state (17). Next, I further classified guidance
documents by type: general guidance (25), study/technical report (6), and template (4). In
addition, I describe performance standards by type (abiotic, biotic, and administrative).
Performance standard criteria were often ecological and abiotic (P = 0.3) and relied heavily on

vegetative criteria. Collaboration and negotiation between agencies, legislation, and guidance
documents influence performance standard determination.
In Chapter 3, I investigate woody vegetation development post-restoration and discuss
the potential of using woody vegetation as a performance standard. I conduct field sampling at
40 restored wetlands that vary in the time since restoration from 1 to 29 years. I assess woody
vegetation community metrics and stem diameter sizes along the chronosequence gradient and
among three West Virginian ecoregions. I tallied 15,785 individuals from 60 species and 25
families during growing season sampling in 2021. I found native species richness declined as
wetland site age increased (P = 0.042). Oppositely, I discovered that stem area at groundline
(SAG), a basal area metric, increased with wetland age (P < 0.001). However, linear regression
model assumptions were not met. I fit a transformed model that shows log(SAG) increases with
wetland age (R2 = 0.31, P < 0.001). Every year after restoration, the absolute log(SAG) increases
by 0.110 when considering both volunteer and planted woody vegetation. All sites, regardless of
age, were dominated by small-diameter stems, with only the frequency of stems ≥ 9.1 cm
increasing with wetland age (P = 0.008). In addition, I investigated differences in woody
vegetation sampling results between growing (May – September) and dormant (November –
December) seasons. There were no differences in species richness, stem density, or SAG
between the two sampling seasons, suggesting that woody vegetation sampling can occur
regardless of the season. My results demonstrate woody vegetation may take two decades to
develop post-restoration.
In conclusion, this research investigates performance standards from two perspectives.
Chapter 2 presents performance standards as a synthesis of expectations from regulatory
stakeholders. Chapter 3 indicates that diverse ecological conditions exist in restored wetlands,
differing from management expectations which assume predictable ecological development postrestoration. Overall, wetland regulators and managers should consider this balanced perspective
when implementing performance standards as measures of wetland development.
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CHAPTER 1

Wetland mitigation performance standard perspectives and considerations: A literature review

Jessica A. Bryzek

West Virginia University, Division of Forestry and Natural Resources, 1145 Evansdale Drive,
Morgantown, WV 26506-6125
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Introduction
Rise of the Socio-Ecological System Paradigm
Human use and manipulation of natural resources have led to declining natural ecosystem
attributes. Anthropogenic development creates havoc on naturally functioning global ecosystems
and has numerous negative consequences (USGCRP 2017). While humanity instills these
negative repercussions, we are not isolated from the effects. This growing awareness of a
reciprocal global relationship necessitates a unique viewpoint that balances natural and
anthropogenic existence. The rise of the Socio-Ecologic Systems (SES) paradigm recognizes an
inherently complex, nested, integrated social and ecologic system (Gain et al. 2020). As part of
the SES viewpoint, interactions and feedback between social and ecological networks result in
continuous unpredictable and dynamic change (Berkes et al. 2008). The system stabilizes
through an inherent capacity to absorb change, where sustainability acts as the process, and
resiliency drives the larger mechanism (Holling 1973; Berkes et al. 2008). Human social and
ecological systems must be integrated within a global environmental network to achieve
resiliency, but numerous challenges defy operationalization (Sneddon 2000). Applying a systembased perspective can improve the transition toward sustainability by coupling human and
natural components across multiple scales (Liu et al. 2015). One approach is integrating
economics and ecology to balance sustainable livelihoods (Sneddon 2000; Liu et al. 2015). This
sustainable-based transition began in the late 1960s as a new pro-environmental movement
(Bernstein and Szuster 2019) and continues to shape our present-day perspective of natural
resource management.
The SES paradigm turns away from a traditional command control management approach
and instead recognizes the inherent variability of nature (Holling and Meffe 1996; Cote and
Nightingale 2012). Irony exists between management and complex systems theory, as
2

management traditionally implies a sense of control. However, McCool et al. (2015) highlight
that uncertainty is the only certainty in the future, and this perspective must be adopted in
management to account for unintended consequences. The focus emphasizes understanding the
underlying institution organization and its processes within a governance context (Cote and
Nightingale 2012). Removing rigid government structures, incorporating adaptive management,
scenario planning for future conditions, and utilizing different methods of acquiring knowledge
contribute to a broader and more inclusive approach to natural resource management (McCool et
al. 2015). The SES framework combines ecological, economic, and social science and recognizes
feedback dynamics between all system components instead of assuming isolated independence
(Cote and Nightingale 2012). While these concepts are ideal, operationalizing the SES
framework is challenging (Gain et al. 2020).
The human-wetland relationship demonstrates the SES framework exceptionally well.
Once regarded as wastelands, humans converted extensive wetland ecosystems for other land
uses, such as agriculture and development, resulting in a 50% loss of global wetlands (Davidson
2014). Fast forward almost two centuries, and humanity finally recognizes wetlands as part of
the sustainable building blocks of society (Finlayson and Horowitz 2015). Research increasingly
identifies the numerous functions wetlands provide to the global ecosystem (Junk 2006; Cohen et
al. 2016) and human well-being (MEA 2005). Ecological restoration helps to revive these oncedegraded ecosystems. Federal initiatives have adopted mitigation as one approach to wetland
restoration. Wetland mitigation integrates the ecological, economic, and social science realms
and represents the beginnings of an SES framework.
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Development of Federal Wetland Mitigation Policy
Incorporating wetland mitigation into federal legislation has a complex and evolving
history (Hough and Robertson 2009). The 1972 Federal Water Pollution Control Act and,
eventually, the 1977 Clean Water Act were the first attempt by the federal government to protect
the nation's waterway's biological, chemical, and physical integrity (Hough and Robertson 2009).
Under Section 404, dredge-and-fill material released into the Waters of the United States,
including wetlands, was required to be regulated (Hough and Robertson 2009). While the 1972
Act was initially a mechanism for funding, the 1977 revisions emphasized the shift to a
regulatory mechanism (Hough and Robertson 2009). There was no initial mention of mitigation
in the 1972 legislation, but after years of impacts approved through the permitting process, a
need for mitigation was recognized and codified (Hough and Robertson 2009). The mitigation
sequence established in Section 404(b)(1) guidelines passed in 1980 set a hierarchical process
first to avoid, then minimize, and finally compensate when issuing permits (Hough and
Robertson 2009).
Even though compensation was the third and least favorable option, most permits
approved across the country received the compensation designation (Hough and Robertson
2009). As "No Net Loss" became a federal initiative under the Bush administration in 1989 and
incorporated in the 1990 Memorandum of Agreement, developing a mechanism for
compensation was urgently needed (Hough and Robertson 2009). Restoration, enhancement,
establishment, and preservation became compensation methods, while three mitigation
mechanisms evolved that describe management and administrative options for compensation
methods: permittee-responsible, mitigation banks, and in-lieu fees (USACE and USEPA 2008).
Restoration and permittee-responsible were the favorable method and mechanisms in the first
few decades of the 404 program (Wilkinson and Thomson 2006).
4

After the turn of the century, preferences began to shift as findings from the 2001
National Research Council concluded that mitigation was not accomplishing No Net Loss
initiatives (NRC 2001). In response to these findings, the U.S. Army Corps of Engineers
(USACE) and the U.S. Environmental Protection Agency (USEPA) jointly issued guidance
known as the 2008 Final Rule to incorporate the best available scientific knowledge into
mitigation policy (Hough and Robertson 2009). The Rule focused on filling in gaps relating to
administrative procedures, project management, and temporal considerations of project
development. In addition, mitigation banks became the preferred mechanism as banks often
encompass larger wetland complexes and allow for a concentration of scientific, funding, and
regulatory integration than other compensatory mechanisms (Spieles 2005) and decreased risk
(Morgan and Hough 2015). Inadvertently, this environmental policy shift created a market for
ecosystems by selling and purchasing credits (Robertson 2006) as mitigation banks grew in
density and distribution (Hough and Harrington 2019). A mitigation bank functions as a hybrid
market where mitigation credits measure and monetize restoration gains and act as the currency
for impacted losses (Vaissière and Levrel 2015). As wetland mitigation adopts this transaction
process, performance standards become an integral component that regulates the credit/debit
exchange between impacted and restored wetlands. Performance standards act as a warranty and
ensure restored wetlands replace lost functions from impacted wetlands.
The 2008 Final Rule solidified the role of post-restoration monitoring evaluations, known
as performance standards. Performance standards are collected during the monitoring period to
verify the outcomes of restoration actions by achieving criteria that describe ecosystem
development. Achieving performance standards is central to finalizing transactions and
exchanging wetland mitigation credits (Robertson 2006). However, federal regulation loosely
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described performance standards before 2008 (Hough and Robertson 2009), so each USACOE
district established post-restoration criteria requirements on a district-by-district basis (Robertson
et al. 2018). As academic studies evaluated wetland mitigation ecological outcomes, researchers
realized performance standards differed between projects (Streever 1999), and even similar
wetland types had different performance targets (Breau and Serefidden 1999). Researchers began
questioning performance standards' authority to act as success indicators (Cole 2002).
Ultimately, performance standards are formed as indicators of success to verify the ability of the
replacement wetlands to function in place of the wetlands lost due to development. The
complicated 50-year history of wetland mitigation policy brings us to the present day. It sets the
stage for understanding the role of performance standards in the mitigation process as a synonym
for shifting towards environmental governance within an SES framework.
Performance Standards as Indicators of "Success"
Performance standards act as an inflection point, translating wetland conditions into
management actions and vice versa. Before the turn of the 21st century, after wetland mitigation
had been used for decades, the "success" and ecological outcomes of replacement wetlands were
questioned (Zedler 1996; Mitsch and Wilson 1996). Studies that investigate post-restoration
monitoring data contribute to our longitudinal understanding of performance standards
development (Brown and Veneman 2001; Cole and Shafer 2002; Sudol and Ambrose 2002;
Morgan and Roberts 2003; Spieles 2005; Matthews and Endress 2008; Reiss et al. 2009; Hill et
al. 2013). In Massachusetts, Brown and Veneman (2001) found that over half of replacement
wetlands were not in regulatory compliance and concluded that mitigation was not achieving
“No Net Loss” initiatives. In Pennsylvania, 40% of mitigated projects did not meet the proposed
success criteria (Cole and Shafer 2002). Approximately 53 out of 76 (70%) projects in Illinois
6

failed to meet all or some requirements (Matthews and Endress 2008). In Tennessee, a random
selection of 50 mitigated wetlands revealed that 72% of the projects did not meet the proposed
area requirements due to inadequate site preparation and design (Morgan and Roberts 2003). In
Orange County, California, Sudal and Ambrose (2002) found that only 16% of mitigation sites
were successful. While these studies paint an increasingly negative picture, more recent studies
demonstrate more positive results.
In a study of 29 wetland mitigation banks in Florida, over 40% of banks achieved their
success criteria and were on track to achieve permit success (Reiss et al. 2009). In addition, 74%
of wetland mitigation projects achieved performance-standard success in North Carolina (Hill et
al. 2013). However, Van den Bosch and Matthews (2017) found that only 65% of performance
standards were achieved in the final year of monitoring in a study of 30 mitigated wetlands in
Illinois. Overall, performance standards play an essential role in validating restored attributes in
created wetlands as they set the exchange rate of the credit currency. Within compensatory
mitigation wetlands, ecosystem services are produced and sold (Robertson 2004), and
performance standards are used to verify the generation of ecosystem services. However, the
issue becomes which parameters are most effective, meaningful, and important for evaluating
site conditions and functions.
Performance standards are primarily based on ecological criteria and, more specifically,
on vegetative criteria (Matthews and Endress 2008). Many sites struggle to achieve vegetative
measures, especially standards regarding planted species survival rates and invasive species
aerial coverage (Matthews and Endress 2008; Van den Bosch and Matthews 2017). Inappropriate
project designs in the planning phase can severely reduce vegetative structure, wetland
ecosystem development, and vegetation growth (Morgan and Roberts 2003). Performance
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standards that require certain thresholds of vegetation organization, such as area requirements for
palustrine emergent and palustrine shrub-scrub wetlands, are also challenging to achieve
(Matthews and Endress 2008). Mirrored by other findings that mitigation is not accurately
replacing natural wetlands (Wilson and Bayley 2012), open-water and emergent wetlands are
often constructed in place of wetlands dominated by woody vegetation (Cole and Shafer 2002).
These ecosystem structural shifts can negatively impact wildlife communities that depend on
specific habitats (Wilson and Bayley 2012). In addition, wetlands are often designed to retain
more water than reference wetlands to achieve regulatory compliance, resulting in vegetative
community shifts (Johnson et al. 2012). The extensive difficulty in achieving performance
standards makes us question the long-term implication of mitigation to compensate for permitted
impacts.
A significant challenge for performance standards to overcome is the need to predict
long-term ecosystem development during the short 5–10-year monitoring period assuming linear,
predictable trajectories (Mitsch and Wilson 1996; Zedler and Callaway 1999; Matthews et al.
2009a; Van den Bosch and Matthews 2017; Robertson et al. 2018). Studies investigating wetland
ecosystem development show mixed results. Some studies have found that many wetland
ecosystem criteria do not fully develop within this human-induced timeframe (Allen 1997;
Atkinson and Cairns 2001; McKenna 2003; Spieles et al. 2006). However, other studies
demonstrate functional equivalency between restored and natural wetlands (Balcombe et al.
2005a, b, c; Hossler et al. 2011; Gingerich and Anderson 2011a, b; Moreno-Mateos et al. 2012;
McPherson et al. 2020; Noe et al. 2022). For example, decomposition functions may take longer
than 20 years (Atkinson and Cairns 2001). However, Gingerich and Anderson (2011a, b) suggest
decomposition rates in restored wetlands are independent of wetland age and are similar between
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natural and reference wetlands. Other critiques include restored wetlands older than 10 years
struggle to achieve macroinvertebrate tolerance indexes like natural wetlands (Spieles et al.
2006), and woody vegetation functions may not fully develop for 40 to 50 years post-restoration
(Allen 1997). Not only are performance standards challenged by temporal constraints, but the
concept that compliance equates to a productive ecosystem is questionable (Matthews and
Endress 2008). Scientific studies demonstrating success by achieving ecological functions
contrast with regulatory studies correlating performance-standard achievement as success. This
dichotomy leads researchers to question whether current performance standards accurately assess
restored wetland functions. Establishing a process of post-restoration monitoring through a
performance-standard framework may help improve mitigation outcomes (Sudol and Ambrose
2002).
While regulators often use vegetative criteria as performance standards (Cole and Shafer
2002; Matthews and Endress 2008), there is limited evidence that vegetative structural
characteristics predict wetland functions (Mitsch and Wilson 1996). However, measures of
vegetative structural features demonstrate less variability among sites than vegetative community
composition metrics (Laughlin et al. 2017). Generally, projects often have more difficulty
achieving vegetation-related criteria than soil and hydrologic standards (Wilson and Mitsch
1996; Brown and Veneman 2001; Matthews and Endress 2008). Limitations on time, energy, and
resources within the regulated and regulatory communities have led to reliance on simplified
assessments within short monitoring timeframes (Cole and Shafer 2002). While ecological and
abiotic performance standards are the most common criteria used, integrating the management
and administrative environments as part of post-restoration monitoring efforts is needed (Martin
et al. 2005; Kihslinger 2008). Administrative performance standards help ensure the project is
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completed, and adaptive management standards recognize the complex and dynamic
management environment (Martin et al. 2005). Overall, performance standards attempt to
translate wetland ecosystem conditions into management actions and management actions into
wetland ecosystem conditions.
Wetland Ecosystem Development Post-Restoration
Wetland mitigation policies have been critiqued for ineffective standards (Clare et al.
2011). Developing practical performance standards requires a balanced understanding of a
naturally functioning ecosystem and the influence of time. Wetlands are distinct features within a
landscape and operate as nodes within an interacting network of abiotic and biotic characteristics
(Cohen et al. 2016). Researchers believe post-restoration development trajectories mimic
successional theory (Zedler 2000). However, numerous site and landscape factors complicate the
restoration process and introduce deviations from expectations (Suding et al. 2004). Three main
study designs are used to study the successional process in restored wetlands. First,
chronosequence studies use a group of sites that vary in age to investigate development over time
(Noon 1996; Atkinson and Cairns 2001; Spencer et al. 2001; Campbell et al. 2002; Ballantine
and Schneider 2009; Gutrich et al. 2009; Matthews et al. 2009a; DeBerry and Perry 2012).
Chronosequence studies allow us to estimate a parameter and summarize the trend over time as
an average of that characteristic. However, considering the similarity of restoration trajectory
between sites used in chronosequence studies is necessary, as well as understanding the
disturbance history (Walker et al. 2010). Second, other studies revisit the same study site or set
of study sites to track development over time (Spieles et al. 2006; Matthews and Spyreas 2010;
Van den Bosch and Matthews 2017; Robertson et al. 2018; Galatowitsch and Bohen 2021;
McKown et al. 2021). The third approach is comparing restored wetlands with natural or
10

reference wetlands (Campbell et al. 2002; McKenna 2003; DeBerry and Perry 2004; Balcombe
et al. 2005 a, b, c; Spieles et al. 2006; Matthews et al. 2009a; Matthews and Spyreas 2010;
Hossler et al. 2011; Sueltenfuss and Cooper 2019; McPherson et al. 2020; Noe at al. 2022).
Although, given the increases in scale and density of anthropogenic impacts, it is increasingly
difficult to find appropriate reference wetlands (Otte et al. 2021). While these study designs
inherently differ, they all contribute to understanding wetland ecosystem development.
Performance standards should integrate natural wetland ecosystem organization into
restoration trajectories. Hydrologic conditions are often noted as the foundation of the wetland
ecosystem, as water connects all living and nonliving processes (Nevel et al. 2004). This is true
for restored wetlands, as hydrologic conditions dictate post-restoration vegetation development
(Spencer et al. 2001; Hoeltje and Cole 2007; Rohal et al. 2019; Sueltenfuss and Cooper 2019).
However, it is more than just on-site hydrologic conditions; the landscape setting influences
post-restoration development (Zedler 2000; Moreno-Mateos et al. 2012). For floodplain forests,
hydrologic events on-site and flood deposition rates strongly influence ecosystem development,
especially vegetative community composition (Hodges 1997). Even non-floodplain wetlands
function as nodes in regional networks and focal points in local catchments (Cohen et al. 2016).
These wetlands can be influenced by the speed at which water moves through the landscape,
known as the drainage rate, which can influence vegetative community composition (Wright et
al. 2003). In a study of 30 mitigated wetland sites across Illinois, surrounding land cover
explained 69% of the variation among sites suggesting that nearby land use is a defining
parameter of the quality of ecosystem services provided by mitigated wetlands (Jessop et al.
2015). Specifically, human disturbance within the surrounding vicinity reduces habitat quality
and biotic assemblage (Brazner et al. 2007). However, proximity to natural wetlands and upland
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land use integrity can help support greater wetland site conditions (Wright et al. 2003). While
wetland buffers can influence integrity (Wright et al. 2003; Brazner et al. 2007; Jessop et al.
2015), historic disturbances may not be as influential. In West Virginia, LiDAR analysis shows
wetland vegetation community assemblages and hydrologic flow paths were unaltered in
wetlands 100 years following land use disturbances from historical railroad tracks and grades
(Young et al. 2020).
The relationship between hydrology and soil is a two-way street: wetland hydrology is
influenced by soil properties, and soil properties are affected by hydrology. In addition, soil
conditions greatly influence vegetation development (Dee and Ahn 2012). Prior land use and
mitigation actions often homogenize wetland soil characteristics and influence the outcome of
soil communities over time (Bruland and Richardson 2005). Achieving appropriate organic
matter content contributes to soil water retention (D'Angelo et al. 2005) and the development of
the woody vegetation community (Bailey et al. 2007). Site preparations such as soil disking can
improve soil moisture and nutrient content for vegetation development and improve woody
vegetation seedling survival (Lockhart et al. 2003). Achieving desirable soil conditions improves
overall wetland site development, especially vegetation growth (Dee and Ahn 2012). However,
comparing soil characteristics between restored and natural wetlands show that restored sites
have lower organic matter, greater bulk densities, higher matrix chromas, more rock fragments
(Campbell et al. 2002), and lower soil organic carbon (Noon 1996).
Vegetation development is controlled by on-site conditions (Zweig and Kitchens 2008;
Gomez-Aparicio 2009), landscape factors (Wright et al. 2003; DeBerry and Perry 2004;
Matthews et al. 2009b; Van den Bosch and Matthews 2017), mitigation type (Spieles 2005), and
design and implementation techniques (McLeod et al. 2000; Pennington and Walters 2006;
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Gutrich et al. 2009; Matthews and Spyreas 2010; McCurry et al. 2010). Vegetative community
composition can differ between reference and created wetlands (Campbell et al. 2002; DeBerry
and Perry 2004) and among different mitigation types (Campbell et al. 2002). Created wetlands
often display primary successional patterns (Noon 1996; DeBerry and Perry 2004) and have
more species diversity than enhanced wetlands (Spieles 2005). Still, Campbell et al. (2002)
found that created wetlands often have less species richness and less percent cover than natural
wetlands. Within mitigated wetlands, time since restoration influences vegetative structure and
composition. Matthews et al. (2009a) suggest that restored wetlands achieve a higher vegetative
species diversity in the first few years following restoration than natural wetlands. Other studies
agree that species richness and diversity can be higher in restored wetlands (Balcombe et al.
2005a; Gutrich et al. 2009). Within the first year of restoration, herbaceous plants in vernal pools
displayed 59 – 85% survival rates on reclaimed surface mines in West Virginia (Branduzzi et al.
2020). As time since restoration continually increases, older mitigation sites may become more
like reference wetlands (Balcombe et al. 2005b).
Woody vegetation species are long-term site inhabitants. Whereas herbaceous plants may
reach maximum growth within 5 years since restoration, woody vegetation size is still increasing
15 years following site construction (Cooper et al. 2017). Some studies suggest it may take 40 to
50 years to achieve forested wetland conditions (Allen 1997). However, research findings
describing woody vegetation characteristics post-restoration vary. Some studies suggest that
volunteer individuals are more prolific in older sites, while planted individuals dominate younger
wetlands (Deberry and Perry 2012). Early successional wetlands have limited woody vegetation
and are dominated by an herbaceous ground cover (D'Angelo et al. 2005). In a review of 76
projects in Illinois, 100% of sites met naturally revegetating stem criteria (Matthews and Endress
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2008). Comparing vegetative communities in 22 wetlands from 1997 to 2010 in Minnesota
shows all sites had an increase in woody vegetation between the two sample years (Robertson et
al. 2018). Alternatively, other studies suggest that created wetlands offer limited woody
vegetation seedling colonization (Noon 1996), and restored wetlands still have less forested
species diversity than reference wetlands (Matthews et al. 2009a).
Beyond vegetation, soil, and hydrology, examining the capacity of restored wetlands to
support wildlife communities is needed to understand wetland ecosystem development fully.
Numerous studies have been conducted within West Virginia that examine wildlife communities
in restored and natural wetlands (Balcombe et al. 2005a, b, c; Strain et al. 2017a, b; McPherson
et al. 2020; Noe et al. 2022) and the influence of restored wetland age on wildlife communities
(Clipp et al. 2017). McPherson et al. (2020) found that water quality metrics between restored
and natural wetlands were similar and supported amphibian communities. In addition, anuran
communities were similar to restored and natural, beaver-dominated wetlands (Strain et al.
2017a). Specifically, created wetlands provided adequate breeding habitats for green frogs and
spring peepers (Strain et al. 2017b).
Regarding avian communities, restored and natural wetlands functioned similarly
(Balcombe et al .2005a). Even regardless of the restored wetland age, created wetlands provided
adequate habitat for waterbird communities (Clipp et al. 2017). Small mammal communities are
comparable between restored and natural wetlands, but abundance in restored wetlands varies by
species (Noe et al. 2022). Overall, created wetlands supported ecological communities similarly
or even better than natural wetlands (Balcombe et al. 2005a). These studies demonstrate that
wildlife communities in restored and natural wetlands are comparable in West Virginia.
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Wetlands provide numerous other ecosystem functions beyond providing habitat for
wildlife communities. While considerable work has been done tying various biological
communities to disturbance, reflecting the function of biological integrity (Veselka 2008), the
link between these communities and functions is more clouded. Investigating the development of
these other functions in restored wetlands is needed to understand the mitigation compensation's
ability holistically. For example, the soil microbial community driving biogeochemical
processing differed significantly between restored and reference wetlands (Peralta et al. 2010).
Moreover, created freshwater depressional wetlands in Ohio were found to have a reduced
capacity to sequester carbon and remove nitrate compared to natural reference sites (Hossler et
al. 2011). In a meta-analysis of 621 wetland sites, biological structure and biogeochemical
functioning were lower in restored wetlands compared to natural wetlands (Moreno-Mateos et al.
2012). In addition, limited development of soil chemical processes in restored wetlands resulted
in lower water quality functioning compared to reference wetlands (Ballantine and Schneider
2009). Despite contrasting data overall between the functional relevancy of restored versus
natural wetlands, the importance of a holistic long view should recognize that all systems
provide some level of function, which is preferable to the alternative of non-replacement, and at
least can improve over time (McKenna 2003).
In conclusion, wetland ecosystem development post-restoration varies. Findings from
many studies demonstrate diverse characteristics across the soil, vegetative, and hydrologic
scales, complicating the ability to identify appropriate performance standard metrics. Because of
the difficulty in determining ecosystem restoration trajectories, many wetland mitigation projects
are evaluated on a case-by-case basis (Kim et al. 2011). Although wetland ecosystem
development post-restoration has been studied for decades, researchers must continually
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investigate parameters that can simultaneously track numerous functions across multiple
temporal and spatial scales.
Functions, Constraints, and Potential of Woody Vegetation in Restored Wetlands
There are many ecosystem variables to consider when evaluating wetland development
post-restoration. Limitations on time, energy, and resources during the monitoring period (Cole
and Shafer 2002) negate the need to find monitoring criteria that are multifaceted and intersect
the complex and numerous ecosystem components. Plant communities are recognized for
assessing ecological processes across multiple spatial and temporal scales (Walker and Wardle
2014). Therefore, vegetation is the most common criterion for post-restoration monitoring
(Matthews and Endress 2008). However, focusing on woody vegetation presents a unique
opportunity to shift the focus to long-term ecosystem processes and simultaneously integrate
many components into one assessment.
Woody vegetation intersects many small- and large-scale variables that reflect restoration
outcomes. Because hydrologic conditions influence woody vegetation development and survival
(Spencer et al. 2001), woody vegetation assemblages can be used as indicators of hydrologic
conditions (Pennington and Walters 2006; Anderson and Mitsch 2008a). Woody vegetation is
influenced not only by achieving minimal duration of flooding but also by the timing (Johnson et
al. 2012; McCurry et al. 2010). Soil conditions affect woody vegetation development, such as
organic matter content (Bailey et al. 2007) and microtopography elevations (Diamond et al.
2019). In addition, woody vegetation could indicate wildlife community assemblages by
providing structural and functional support within the wetland ecosystem (Balcombe et al.
2005a). Therefore, woody vegetation biomass accumulation can effectively be considered an
“umbrella function” and may be a surrogate for other site functions such as wildlife habitat,
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stability and erosion control, organic matter accumulation, and hydrology (Cole 2002). Woody
vegetation helps regulate water quantity and improve water quality (Adamus and Brandt 2002).
In addition, woody vegetation provides annual carbon contributions to the soil through the leaf
litter. The leftover woody debris that remains after the plant dies plays a vital role in controlling
soil temperature, moisture, and subsequent plant growth (Haskell et al. 2012). Despite these
known benefits of woody vegetation in wetlands, practitioners struggle to achieve desirable
woody vegetation development post-restoration (Cole and Shafer 2002).
Functional attributes in restored wetlands compared to natural wetlands remain 31%
below mature wetlands (Berkowitz 2013). Challenges to woody vegetation development include
deer herbivory (Pennington and Walters 2006; Flaherty et al. 2018), appropriate hydrologic and
microtopographic conditions (Bledsoe and Shear 2000; Spencer et al. 2001; Pennington and
Walters 2006; Johnson et al. 2012), soil characteristics (Bledsoe and Shear 2000), survival of
planted species (Matthews and Endress 2008), use of shelters for protection (Andrews et al.
2010), and achieving appropriate community composition (Matthews et al. 2009a). While these
challenges primarily focus on planted stock and planting techniques, natural colonization and
volunteer species significantly contribute to post-restoration community development (D'Angelo
et al. 2005). Natural climate fluctuations can also influence woody vegetation community
assemblages, even in natural wetlands (Saladyga et al. 2020). For example, community
reorganization in bottomland forests dominated by Quercus species in West Virginia occurs due
to increased flooding (Saladyga et al. 2020). Combined with natural variation, failing to achieve
woody vegetation communities in restored wetlands has numerous negative consequences.
Within created forested wetland sites, invasive species are an ongoing threat to restoration
development (Van den Bosch and Matthews 2017) and achieving forested community diversity
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is continually challenging. Failure to restore woody vegetation communities may result in
unintended consequences. For example, wetland tree and shrub assemblages influence wildlife
communities, including avian, anuran, and macroinvertebrates (Balcombe et al. 2005a). Reduced
woody vegetation in wetlands would lead to a cascading scale of implications throughout the
entire ecosystem.
Ecologists use survival of planted species, stem density, root collar diameter, diameter at
breast height (DBH), basal area, stem area at groundline (SAG), height, aerial coverage
estimates, and species composition metrics to describe woody vegetation development (Conner
and Day 1992; DeBerry and Perry 2004; D'Angelo et al. 2005; Anderson and Mitsch 2008b;
Berkowitz 2013; Walter et al. 2013; Roquemore et al. 2014; Russell and Beauchamp 2017).
While survival of planted species is often challenging, implementation techniques and selection
of quality stock types can enhance restoration outcomes (McCurry et al. 2010; Walter et al.
2013; Roquemore et al. 2014). Appropriate project design specifications are necessary to achieve
desirable woody vegetation development (Morgan and Roberts 2003). In addition, the selection
of stock that matches the landscape setting of the restoration site can improve growth and
survival rates (Steele et al. 2022). Beyond planted individuals, recruitment of appropriate
volunteer species can demonstrate that a site is functional and in a proper landscape setting,
ultimately revealing the resiliency and self-sustaining properties of the vegetation communities.
However, using woody vegetation as a performance standard is challenging given the 5–10 year
monitoring time frame. Studies suggest woody vegetation individual size is still increasing 15
years following site construction (Cooper et al. 2017).
Basal area metrics obtained from DBH and SAG are similar measurements, but research
studies show different developmental patterns. Berkowitz (2019) observed the most significant
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increases in tree diameter through DBH measurements at age 13 – 20 years and another increase
at 25 years post-restoration, while Hudson et al. (2016) found SAG exhibited slow growth during
years 2 – 6, rapid growth from year 8 – 14, and stabilization from ages 16 – 22. Basal diameter
area, as opposed to DBH, has been recommended to better predict biomass accumulation of
multi-stemmed species (Zhao et al. 2004). Stem area may be a more appropriate metric than stem
density (Berkowitz 2013). However, dominant species can strongly influence basal area
(Anderson and Mitsch 2008b). Overall, the stem area at the groundline may also be a better
predictor of wetland ecosystem functions than other vegetative measurements (Cole 2002). SAG
has recently been adopted as a performance standard in Virginia, following studies
demonstrating predictable increases over time as wetland age and correlation with increasing
woody biomass at the individual scale (Hudson and Perry 2018).
Woody vegetation community composition can shift over time as wetlands age and
wetland characteristics fully develop. Small changes in flooding frequency, elevation, and soil
properties create niche habitats for certain woody vegetation species (Bledsoe and Shear 2000;
Hough-Snee 2020). Late successional species such as swamp white oak (Quercus bicolor) and
pin oak (Quercus palustris) favor areas with less flooding than other species such as silver maple
(Acer saccharinum), eastern cottonwood (Populus deltoides) and black willow (Salix nigra)
(Pennington and Walters 2006). Generally, black willow (Salix nigra) and river birch (Betula
nigra) exhibit more robust post-restoration development compared to other woody species
(Roquemore et al. 2014). In addition to implementation challenges, woody vegetation is
susceptible to diseases. Invasive forest pests, such as the emerald ash borer, threaten long-term
woody vegetation development and can shift community composition from black ash (Fraxinus
nigra) to red maple (Acer rubrum) dominated forested wetlands (Davis et al. 2017). Overall,
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woody vegetation intersects many wetland ecosystem components, and community assemblages
can describe restoration outcomes.
Performance Standards Contribute to a Governance Approach to Management
Over the past 30 years, advances in environmental appreciation ignited interdisciplinary
collaboration to tackle complex issues (Perring et al. 2015). Just as a wetland ecosystem has
many working parts, managing these complex systems relies on numerous components. While
federal legislation drives wetland mitigation, a complex network of diverse stakeholders
collaborates in the execution of the process, both directly and indirectly. Wetland mitigation
mirrors an environmental governance framework that is composed of institutions (laws, policies,
rules), structures (decision-making bodies, formal and informal organizations), and processes
(enforcement, decision-making, policy creation, and negotiation of values) (Bennett and
Satterfield 2018). Applied to wetland mitigation, federal policies are the institutions that
establish principles by requiring mitigation and establishing a process (USACE and USEPA
2008).
The governance framework can be applied to restoration ecology in many ways (Krievins
et al. 2018). For example, I will discuss three main areas of current research and challenges: 1)
collaboration between restoration stakeholders, 2) incorporating SES components into a legal
framework, and 3) pre- and post-restoration monitoring as adaptive management. First,
governance inherently reaches beyond regulation and focuses on decision-making across all
participants, especially non-government organizations (Richardson and Lefroy 2016). The
framework recognizes state-private and private-social partnerships as critical components of the
governance approach (Lemos and Agrawal 2006; Armitage et al. 2012). Wetland mitigation
creates an ecosystem service market where private restoration industries manage large wetland
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banks that depend on regulatory oversight and approval (state-private relations). These
ecosystem services are expected to benefit society and humanity by compensating for lost
resources (private-social ties). Therefore, federal legislation has created a complex system that
integrates governmental, private industry, and societal livelihoods. Resilience within the SES
framework emphasizes a need to understand the regulatory environment's structural properties
and decision-making process (Cote and Nightingale 2012), which includes bridging divides
between stakeholders to improve collaboration and communication. Successful ecological
restoration relies on collective decision-making and requires central leadership and coordination
to balance stakeholder perceptions (Watkins et al. 2013).
Secondly, another challenge to overcome is aligning SES into a legal framework.
Seemingly opposing, SES implies a flexible process, and the legal environment is more rigid
(DeCaro et al. 2017). The field of restoration ecology has been criticized for the fragmentation of
science, practice, and policy stakeholders (Suding 2011), and participatory approaches that
bridge the policy process are necessary (Baker and Eckerberg 2013). However, adaptive
management presents the opportunity to integrate SES thinking into management. While
adaptive management is trendy, numerous barriers exist in implementation, such as difficulties
across spatial and temporal scales and numerous uncertainties in cost, benefits, and risks
(Gregory et al. 2006). These barriers become exemplified when the diversity of management
stakeholders increases (Gregory et al. 2006). However, integrating legal expectations and
adaptive management is needed to achieve long-term ecological restoration successes.
Lastly, integrating pre- and post- restoration assessments may balance management
expectations and SES thinking. Whereas most performance standards are viewed as check marks
to verify restored wetland functionality, monitoring data presents the opportunity for
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practitioners, managers, and regulators to build a comprehensive dataset describing ecosystem
development. Embracing restoration monitoring can provide a more holistic understanding of
restoration at the site scale. For example, utilizing wetland functional assessments has helped
improve ecological outcomes in vernal pools in California (Schlatter et al. 2016). However,
monitoring can also provide a more comprehensive perspective at a much larger scale.
Practitioners and managers collect vast amounts of monitoring data at each project. Synthesizing
this data across all projects and integrating design and construction techniques could explain the
difference in restoration outcomes between projects.
While collaboration between human entities within the management environment is
discussed, post-restoration monitoring attempts to establish lines of communication between the
ecosystem and humans. Evaluating restoration outcomes builds our understanding of ecosystem
development, and adaptive management attempts to translate these findings into management.
Adaptive management techniques go hand in hand with the governance framework, and both are
needed to improve restoration outcomes (Teal and Waisher 2005; Gunderson and Light 2006;
Gunderson et al. 2016; Galatowitsch and Bohen 2021). Monitoring plays a crucial role in
adaptive management and presents a unique opportunity to foster stewardship among
participants in restoration initiatives (Failing et al. 2013). Monitoring within the adaptive
management framework requires restoration outcomes to drive decision-making instead of frontloading expectations (Richardson and Lefroy 2016), which inherently ignores uncertainties and
difficulties encountered during restoration. In addition, the post-monitoring period can function
as a period of learning and reflection. The outcomes from post-restoration monitoring can help
inform future decision-making (Ellison et al., 2020). Under the threat of climate change,
monitoring plays an even more integral role in building resiliency (Finlayson et al. 2017).
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However, the traditional linear conceptualization of system dynamics inhibits adaptive
management (Ruhl 2011) and challenges application for establishing post-restoration monitoring
methodologies. Incorporating an understanding of pre-restoration conditions using baseline data
is an integral part of the SES framework to improve restoration outcomes (Krievins et al. 2018).
Integrating resiliency thinking and restoration ecology is a well-defined goal (TimpanePadgham et al. 2017). Solutions must navigate and join the complex interworking of science,
practice, and policy components (Suding 2011). Fleck and Castle (2022) highlight that local,
state, and federal agency involvement can complicate governance and decision-making.
Complexities increase when constraints from the natural environment are incorporated. Viewing
restoration through a resilient lens would require fewer structural requirements and an increased
focus on scaled evaluation approaches. Understanding social science concepts of values,
governance, and people can fill gaps in current watershed management approaches (Dunham et
al. 2018) while recognizing the inherent rights of an ecosystem (Davies et al. 2020) would also
improve restoration outcomes. Berkes et al. (2008) emphasize that landscapes and ecosystems
possess an ecological memory of historic ecological formations before disturbances.
Incorporating performance standards into wetland mitigation policy establishes adaptive
management and resiliency-driven precedence. However, dynamic, unpredictability, nonlinearity, and resilience are vital components of the governance framework that are not
operationalized into performance standards. While these concepts are essential to adaptive
management, translating these characteristics into performance standards while balancing current
management expectations is difficult. Research studies demonstrate diverse ecosystem
conditions post-restoration. The variability between studies might not necessarily be negative.
Instead, the irregularities illustrate that the linear trajectory of post-restoration development may
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not be realistic. If this is true, the role of performance standards will need to evolve from
indicators of success to degrees of development. Our focus as researchers and managers should
shift towards transparency with post-restoration ecosystem development.
Environmental governance attempts to increase responsiveness, equitability,
effectiveness, and robustness (Bennett and Satterfield 2018). All are concepts that have plagued
performance standards for decades. Implementing a system-based perspective to improve science
and policy alignment across local and global scales is increasingly needed to enhance restoration
outcomes (Palmer and Ruhl 2015). Resiliency as a process dictates that science-driven
performance standards should act as part of a feedback loop of a larger governance management
cycle. Performance standards offer a potential entrance into resiliency through two pathways: 1)
translating science to policy and 2) transforming policy into practice.
Research and Objectives
This research aims to investigate performance standards from the management and
ecological perspectives. An in-depth investigation of this dualistic perspective presents
opportunities to align SES thinking, adaptive management, and resiliency. Emphasizing postrestoration monitoring is an example of shifting to a governance approach to management.
Chapter one (this chapter) is a literature review that explores 1) the development and integration
of social-ecological systems into wetland mitigation federal policy, 2) ecological outcomes in
restored wetlands, and 3) the application of governance to wetland mitigation. My objectives
were to 1) provide a background and foundation for the following chapters and 2) explore
performance standards as a real-world example of the SES and environmental governance
paradigm.
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Chapter two summarizes the diversity of management interactions between state and
federal agencies in determining wetland mitigation performance standards in a nationwide
assessment. While federal legislation acts as the driver of wetland mitigation, county-level
ordinances and state statutes create a "geographic patchwork" of wetland mitigation policies
(Robertson 2006). Understanding the diversity of management approaches can provide insight
into the decision-making process of determining performance standards. My objectives were to
1) conduct interviews with representatives from state wetland programs, 2) review state
legislation regarding performance standards, and 3) identify similarities and irregularities in the
management environment to understand performance-standard formulation better.
Chapter three is an ecological investigation of woody vegetation development postrestoration in West Virginia, USA. Using a chronosequence approach (1 – 29 years) and fieldcollected data from restored wetlands (n = 40), I investigated the longitudinal development of
restored wetlands past the typical 10-year monitoring mark using woody vegetation community
metrics. My objectives were to 1) explore community development along the chronosequence
gradient, 2) use results to discuss the feasibility of woody vegetation to assess restoration
trajectory, and 3) compare woody vegetation between growing (May - September) and dormant
season (November - December) field sampling.
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Abstract
Wetlands are important ecosystems that contribute to the sustainability of the global
environment and the stability of human civilization. However, many anthropogenic land use
practices have led to the degradation of wetlands, making them globally imperiled ecosystems.
Within the United States, wetland mitigation is a federally regulated restoration strategy that
offsets and compensates for impacts on aquatic resources through restoration. Performance
standards assess post-restoration ecosystem development and help regulate management actions.
The primary objective of this study is to investigate the organization and interactions between
state and federal agencies in determining wetland mitigation performance standards. Using a
mixed method approach, including semi-structured interviews and online database reviews, we
identify decision-making drivers from the state agency perspective. We develop a ranking
classification of state legislation that references performance standards and describe guidance
documents by type of authorship. Findings reveal diverse management approaches across the
nation as states play various implementation and regulatory roles. Performance standard
selection and determination is driven by collaboration and negotiation among regulators, state
and federal legislation, and guidance documents. In addition, we found performance standards
most often assess biotic characteristics, with vegetative criteria being the most common. This
study synthesizes performance-standard determination and criterium across a spectrum of federal
and state participation into a nationwide perspective to improve our understanding of the
dynamic interplay between wetland mitigation science, practice, and policy.
Key Words: Governance; Legislation; Monitoring; Performance standards; Wetland
management; Wetland mitigation
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Introduction
Once regarded as wastelands, human development damaged over 50% of global wetland
ecosystems (Davidson 2014). Now, humanity increasingly recognizes wetland ecosystems as
sustainable building blocks for society (Finlayson and Horowitz 2015) and identifies direct
dependence between wetland ecosystems and human well-being (MEA 2005). The evolving
human-wetland relationship describes a growing awareness of interdependences between
humans and the environment. Natural resource management is increasingly expected to benefit
society and nature (Sanborn and Jung 2021). Wetland mitigation emerged as a regulatory
framework in the United States to offset impacts on wetland resources encountered during
development (Hough and Robertson 2009). Restored wetlands generate mitigation credits, and
performance standards validate restoration outcomes (Ruhl and Juge 2001). Through decades of
trial and error, critiques, and challenges, federal wetland mitigation policies have evolved and
shifted (Hough and Robertson 2009). Intentionally or unintentionally, the evolution trends
towards a balanced management and ecological perspective rooted in environment governance.
Here we discuss wetland mitigation performance standards within an environment governance
context, highlighting them as an integral component of the dynamic evolution to improve
wetland mitigation outcomes.
Environmental governance recognizes laws and policies that drive agencies and
organizations to make regulatory decisions (Bennett and Satterfield 2018). The United States
Clean Water Act requires mitigation and establishes a process for how it occurs (USACE and
USEPA 2008). Then, the U.S. Army Corps of Engineers (USACE) and the U.S. Environmental
Protection Agency (USEPA) oversee the regulatory process (Hough and Robertson 2009). The
legal, policy, and partner frameworks drive the regulatory decision-making process. A

51

combination of federal legislation and guidance are the main drivers; however, state agencies
share regulatory roles in practice. The Interagency Review Team (IRT) consists of
representatives from federal and state agencies that oversee mitigation project compliance
(Robertson et al. 2018). The IRT establishes a formal space for federal and state collaboration.
Still, studies investigating the scope of involvement between state and federal regulations and
representatives are needed to understand management expectations better.
The IRT approves performance standards on a project-by-project basis and is tied to
project goals and objectives. The growth of the wetland mitigation banking industry created a
market-based system where ecosystem services are bought and sold through credit and debit
transactions (Robertson 2006; Vaissière and Levrel 2015; Hough and Harrington 2019).
Performance standards play an integral role in regulating credit transactions, as projects must
achieve their performance standards before receiving their final credit release (Vaissière and
Levrel 2015). Therefore, performance standards fulfill many functions within the wetland
mitigation process, mimicking an environmental governance framework with public-private and
private–social relationships (Lemos and Agrawal 2006; Rudolph et al. 2012; Armitage et al.
2012; Richardson and Lefroy 2016). Regulators rely on the private industry to accomplish the
on-the-ground or practical component of mitigation (public-private relationships). These actions
benefit society by generating ecosystem services (private-social connections). In both scenarios,
performance standards act to verify the wetland mitigation process.
Performance standards emerge as the balance between management and ecosystem
conditions (Figure 1). Their role synthesizes management and ecological expectation within a
complex socio-ecological system framework (Hossain and Szabo 2017). Identifying and
establishing a space for the interaction of management and ecological systems increases the
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sustainability and resiliency of a complex system (Gain et al. 2020). Post-restoration monitoring
plays a crucial role in adaptive management (Failing et al. 2013) and triggers management
actions to ensure wetland ecosystem development remains on track. Incorporating these
perspectives shifts focus away from command-control thinking and towards a more flexible
management perspective (Cote and Nightingale 2012; McCool et al. 2015), where postrestoration monitoring drives management actions (Richardson and Lefroy 2016). However, the
issue becomes which parameters are most effective, meaningful, and essential for evaluating site
conditions and determining "success."
As many researchers question the ability of performance standards to be used as
indicators of restoration success (NRC 2001; Cole 2002), numerous challenges exist in
developing appropriate performance standards. Identifying predictable, linear trajectories in
short-time frames (Zedler and Callaway 1999; Nevel et al. 2004; Stefanik and Mitsch 2012) and
limitations on time, energy, and resources often lead to a reliance on simplified assessments
(Cole and Shafer 2002). In addition, assessments primarily rely on structural criteria that might
not correlate to accurate functional evaluations (Mitsch and Wilson 1996). While most
assessment criteria are vegetative-based (Matthew and Endress 2008), management and
administrative measures beyond an ecological context are needed (Martin et al. 2005) to ensure
that project compliance equates to program success (Matthews and Endress 2008).
Performance standards play a crucial role in verifying wetland mitigation, but the history
of their use is dynamic. Before the 2008 Final Rule, federal regulations loosely described
wetland mitigation (Hough and Robertson 2009), so the USACE districts established
performance standard criteria requirements, often in coordination with other state and federal
agencies (Robertson et al. 2018). While setting national performance standards is unachievable
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because of the diversity of wetland types, state-developed performance standards can effectively
evaluate mitigation project outcomes (Nevel et al. 2004; Stein et al. 2018). A multi-level
governance structure is a form of adaptive management (Olsson et al. 2004). While federal
policies identify national goals, state governments may be better suited to address regional
aquatic resource management issues (Owens and Zimmerman 2013). In addition, the
interpretative fluidity of federal policies denotes the critical role of state and local permitting
laws and ordinances (BenDor et al. 2008). While mitigation policies have been critiqued for
ineffective standards (Clare et al. 2011) and ecological outcomes are questioned (Mitsch and
Wilson 1996; Zedler 1996), continued emphasis on post-restoration monitoring and performance
standards demonstrates wetland mitigation is dynamic.
This research investigates performance-standard determination within the regulatory
community, focusing on the state agency perspective. While federal legislation drives wetland
mitigation, understanding the involvement of state agencies will provide a more comprehensive
view of management. County-level ordinances and state statutes create a "geographic
patchwork" of wetland mitigation policies (Robertson 2006), and performance standards are
known to differ between projects (Breau and Serefidden 1999; Streever 1999). However, our
research investigates the extent of state involvement in the performance-standard formulation
and differences among state mitigation strategies. We explore decision-making drivers and
differences in performance standards across the United States. We hypothesize that state
legislation is the primary driver of decision-making and utilize an inductive approach to identify
other key drivers. We use our findings to discuss performance standards as an opportunity to
improve wetland mitigation management and ecological outcomes.
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Methods
To investigate state agency involvement in performance standards development, we
followed a generalized procedural pathway of 1) data acquisition, 2) thematic analysis, and 3)
result visualization (Figure 2). We utilized a mixed-method approach using semi-structured
interviews, legislative database reviews, and internet searches to collect qualitative data. State
wetland program managers, enforcement agencies, or other appropriate respondents participated
in the semi-structured interviews through email and phone surveys. Along with the interview
outreach, a legislative database review and internet searches revealed state legislation and
program documents used by agencies to establish performance standards and monitoring
protocols. We collected data for online database reviews and interview outreach from October
2021 through April 2022.
Semi-structured interviews
We identified points of contact from a state's wetland program, environmental
enforcement agency, or another appropriate state entity and contacted potential respondents via
email and telephone. Using a semi-structured interview approach, we prompted respondents with
two open-ended objectives to 1) verify if the state has adopted legislation describing
performance standards and 2) provide a list of example performance standards. Beyond the
initial prompts, we asked follow-up questions to clarify responses or obtain additional
information regarding program implementation. We summarized all responses and stored shared
documents we received during the interview. We directly transcribed performance standards, as
opposed to summarizing, to maintain language integrity. We developed a project database using
Microsoft Excel to store data collected for each state for future analysis.
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Database review
We systematically reviewed state legislative policy and language regarding wetland
mitigation performance standards. We searched the Legal Information Law Institute database
maintained by the Cornell Law School, starting with the keywords “State Name,” “performance
standards,” and “wetland mitigation.” Next, we substituted “performance standards” with
“performance criteria” and added “credit release” and “monitoring.” Then, we replaced “wetland
mitigation” with “compensatory wetlands” to capture all relevant legislation. We used similar
keywords and search criteria for an internet review to search for other publicly available
documents that states may use but are not incorporated into legislation. We recorded a
description of returned results, including the policy citation and a description of the policies.
Thematic analysis
After obtaining all responses, we conducted an extensive data review, including data
clearing to standardize all responses. Next, we conducted thematic coding to investigate
reoccurring themes and identify irregularities among all responses. Thematic coding is a type of
pattern recognition for qualitative data where themes, or topics, emerge that contribute to the
larger research question (Tashakkori and Teddlie 2010). Themes included similarities or
irregulates of management approaches across states. We utilized an inductive approach and
identified themes after data collection and initial review (Patton 1990). We followed a five-phase
process, including 1) familiarizing ourselves with data, 2) generating initial codes, 3) searching
for themes, 4) reviewing themes, and 5) developing and naming themes (Braun and Clarke
2006). In addition, we converted the original Microsoft Excel sheets used in data collection into
a Microsoft Access database to allow for straightforward search queries across categories for
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each state. In addition, we intend for the project database to be publicly available to increase the
usability of data collected during this study to wetland managers and practitioners.
We synthesized data from the interviews and legislative database review to develop a
ranking scheme to describe the level of state legislation adopted. We created four legislative
ranking categories (None, Some, Moderate, and Extensive) (Table 1). A state classified as
"None" had no reference to wetland mitigation. A state classified as "Some '' mentioned wetland
mitigation at a minimum but also may include a definition for mitigation-related processes and
terminology. A state ranked as "Moderate" required monitoring but did not require specific
attributes to be monitored. A state classified as "Extensive" achieved the highest ranking
category, extensively explaining monitoring and performance standard criteria by explicitly
stating criteria or referencing specific characteristics to be evaluated.
In addition to legislative rank, each state received a classification for the type of guidance
document obtained during this study. We classified the guidance document's authorship into two
categories based on the listed authors of the record: 1) state authorship only, 2) state and federal
authorship (Table 1). We further refined the groups into sub-groups (general guidance, technical
reports/studies, templates) to briefly describe the guidance document's purpose, layout, and
content (Table 1). A general guidance document assisted internal regulatory decision-making and
was a guide for staff members. A technical report served less as a guide and provided extensive
background information to help inform decision-making. A template document reached beyond
the regulatory agencies and instead helped guide private industry stakeholders to complete
required documentation such as a Mitigation Banking Instrument. We classified all states where
we did not encounter a guidance document as “None.” While these states may still use guidance
documents, we did not encounter any during this research process.
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Finally, we reviewed performance standards from interviews and guidance documents.
We classified performance standards using a tiered approach to organize each performance
standard by the system, type, and category (Table 1). The system described the landscape
features such as riparian, upland buffer, wetland, etc. Next, type classified standards into abiotic,
ecological, or administrative categories. Nested within each type (abiotic, ecological, and
administrative), we established categories to classify performance standards further. Abiotic
categories included hydrology, soils, area, habitat features, topography, delineation, erosion,
geomorphic, physiographic, debris, and water quality. Biotic categories included vegetation,
functional assessments, wildlife, hydrology, biogeochemical, condition, geomorphic,
supplementary, and threatened and endangered species. Administrative categories included
reporting, Waters of The United States, monitoring period, funding, general, design, land
protection, and others. As evidence of difference, we used Pearson's chi-squared goodness of fit
test to compare the distribution of states among categories for the legislative rank (None, Some,
Moderate, Extensive), guidance document type (none, state and federal authorization, or state
authorship only), and performance standard types (abiotic, biotic, and administrative) (α= 0.05).
After we found a significant result, we conducted pairwise comparisons to determine where
differences exist.
Results
A representative from all 50 states responded to our survey request. The largest
percentage of respondents belonged to the Department of Environmental Protection/
Quality/Management/Conservation/Control (60%), followed by the Department of Natural
Resources (16%) (Figure 3). Other respondents included the Water Resource Department (3%),
Fish & Wildlife (2%), Department of Highways/Transportation (2%), Department of Health
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(1%), Department of Ecology (1%), Geologic Survey (1%), Conservation Commission (1%), and
Department of State Lands (1%) (Figure 3). The most common job title of respondents was
Administrator/Manager/Director/ Supervisor/Chief (50%), followed by Wildlife
Biologist/Biologist/Ecologist/Scientist (18%), Coordinator (12%), Wetland/Wetland Mitigation
Specialist (12%), Enforcement/Policy (2%), Engineer (2%), or Other (1%).
Legislative Standards
We synthesized results from the semi-structured interviews and legislative reviews to
determine the complexity of state-adopted legislation regarding performance standards for all 50
states into four categories: None (18), Some (18), Moderate (7), and Extensive (7) (Table 2). We
found that states classified as "None" defaulted to the USACE to establish performance
standards. While the state may participate through the Interagency Review Team, there was no
formal guidance from the state level. We found a difference in the distribution of states among
legislative rank categories (N = 50, X 2 (df = 3)= 9.68, p = 0.02), with more states classified as
none and some than moderate or extensive (p = 0.028).
Guidance and Technical Documents
In addition to a legislative rank, we obtained guidance documents for 35 states and
classified them by authorship: federal and state (18) and state only (17) (Table 2). The remaining
15 states may still use guidance documents, but we did not obtain them during this study. While
these documents helped guide decision-making, the content of the papers varied. Records that
had both federal and state authorship consisted of general guidance documents (12), template
documents (4), and technical reports/scientific studies (2), compared to documents that had only
state authorship consisted of general guidance documents (13) and technical reports/scientific
studies (4). All states classified as "extensive" legislation also used guidance documents (Figure
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4). Sometimes, a state may have no legislative requirements and instead use a guidance
document to drive decision-making. We tested the distribution of guidance document authorship
(none, federal and state, state only) among states and found the proportion of states did not vary
by guidance document authorship (N = 50, X 2 (df = 2) = 0.282, p = 0.869).
Performance standards
We obtained example performance standards for 24 states and classified these states by
the type of criteria used: ecological only (6), ecological and abiotic (14), and ecological, abiotic,
and administrative (4) (Table 2). We found the proportion of states differed by performance
standard types (N = 24, X 2 (df = 2) = 7, p =0.0302). More states use ecological and abiotic
criteria compared to ecological, abiotic, and administrative criteria (p = 0.0184). We obtained
327 example performance standards across all states and habitat types (Table 3). These standards
and their percent of occurrence include ecological (71.3%), abiotic (23%), and administrative
(6.1%). Vegetation criteria were used as the most common performance standard across all
categories, representing 60% of all performance standards. Abiotic hydrologic characteristics
were the second most frequent and represented 5.8% of all performance standards.
We found that abiotic criteria, such as soil and hydrology, often use USACE definitions.
Other approaches use baseline or reference conditions to determine hydrology thresholds. States
sometimes use physical topography standards to ensure hydrology requirements, such as the
topography of tidal marshes, as evidence of tidal frequency and duration. Some criteria overlap
the abiotic and ecology categories. For example, hydrologic and geomorphic characteristics
could be considered ecological or abiotic depending on the measured attribute. Geomorphic
assessments that rely on macroinvertebrates as indicators receive an ecological classification,
while assessments that use bank slope profiles are abiotic. In addition to ecological and abiotic
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characteristics describing wetland attributes, some states also use administrative standards to
protect and enhance aquatic resource management. Administrative criteria include securing longterm funding, reporting, and documentation of an IRT site visit, land protection agreements, or
placement of “Do Not Mow” signs.
Our inductive approach revealed the following themes as irregularities or re-occurring
topics encountered during data collection: 1) customized performance standards for local
conditions, 2) the use of incremental standards, 3) the use of functional assessment scores, and 4)
different standards for mitigation mechanisms (restoration vs. preservation). States often
customized vegetative standards based on wetland type or known invasive species. States
grouped performance standards by Cowardin et al. (1979) wetland types, such as palustrine
scrub-shrub or forested, or ecosystems specific to the state, such as cypress swamp or bottomland
hardwood. Incremental standards are grouped into temporal categories such as baseline or initial,
interim, and long-term performance. In addition, incremental standards often change the
threshold that constitutes success over time since restoration. For example, woody vegetation
stem density requirements may decrease as time since restoration increases. Another emerging
theme included splitting performance standards by mitigation mechanism (restoration vs.
preservation ). Only a few states implement preservation-based performance standards, but many
others inquired and wished to adopt them to hold preservation sites accountable. While the
indicator or attribute being measured was often the same between mitigation mechanisms, the
level that constituted success differed. For example, preservation sites are expected to sustain
conditions throughout the monitoring period, while restoration sites are expected to improve as
time since restoration increases. Preservation performance standards include vegetative buffer
community assessments, soil and hydrologic abiotic features, wetland biotic features such as
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vegetation community and forested basal area, functional assessment scores, and native
amphibian richness and abundance.
Discussion
The results of this study demonstrate the diverse roles and extent of state involvement in
determining performance standards. While we hypothesized state legislation would be a defining
feature, we discovered a combination of collaboration, legislation, and guidance documents
cumulatively drive decision-making. While federal regulations steer wetland mitigation
procedures and federal agencies oversee the process, some states have developed legislation in
addition to national regulations. The participatory spectrum summarizes state and federal
agencies' roles in determining wetland mitigation performance standards, where a combination
of legislation and guidance from state and federal regulators converge and collaborate through
the IRT (Figure 5). The spectrum shows that some states may be more driven by federal
participation, while others may be more driven by state agency supervision.
Our results show guidance documents play a prominent role in decision-making. In
contrast, we did not anticipate the importance of guidance documents, as numerous respondents
during the survey referenced guidance documents without being prompted by the researchers.
Beyond examining authorship, the guidance documents' content showed diverse management
approaches. Whereas states differed in their legislative rank distribution, they relied similarly on
guidance documents. While legislation and guidance documents help formulate and organize
performance standards, performance standards are often finalized through a collaborative
process, and the determination occurs on a project-by-project basis. Collaboration and
negotiation between all participants on the IRT serve as the final checkpoint for establishing
standards. The IRT serves as a collaborative entity where both state and federal agencies share
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regulatory responsibilities and oversee the final approval of performance standards. However,
guidance documents can help formulate and tailor performance standards to general conditions
within the state.
Our results show that performance standards are vegetative-driven, echoing the results of
other studies (Cole and Shafer 2002; Matthews and Endress 2008). While performance standards
differ by USACE district (Robertson et al. 2018), our study suggests that performance standards
vary by state. In addition, some states during the interview process noted that local municipalities
have legislation and standards that guide wetland mitigation at the local level, and these local
ordinances can vary within the same state. These findings suggest management occurs through a
cascading hierarchy of local, state, and federal oversights. Our results confirm that wetland
mitigation policies appear as a “geographic patchwork" nationwide (Robertson 2006). More
than two decades after performance standards were questioned for being uncoordinated and
inaccurate measures of success (Streever 1999), our findings demonstrate the type of criteria
being used has not evolved and is still based mainly on vegetative criteria. Progress in
incorporating metrics beyond vegetative standards has been slow. While many states during the
interview process emphasized the need to determine performance standards on a project-byproject basis, most projects rely on similar criteria for post-restoration evaluation.
Numerous states declared performance standards should be selected on a case-by-case
basis and believed this flexibility inhibited adopting official performance standard guidance in
legislation. However, some states have incorporated this flexibility into their guidance document
recommendations. While the state may have a set of predetermined standards known as routine
standards, other monitoring criteria can be used, primarily when mitigation reflects unique
ecological environs, such as those found around tidal or vernal pool wetlands. This flexibility
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and customization demonstrate a shift toward a more balanced management approach. If it is
generally accepted that performance standards should be flexible and tailored to specific projects
instead of homogenized, perhaps a shift in semantics is needed. Utilizing “success criteria” in
place of “performance standards” may move expectations of standardization into customizable
interpretations. During our interview process, many states referred to performance standards as
success criteria, suggesting a change in semantics is already occurring.
Another potential barrier to integrating performance standards into legislation is a lack of
leadership or responsibility at the state level. Frequently, there was a within-state discrepancy
regarding the authority to respond to our survey request, the state laws, and how the laws are
enforced. This inconsistency shows a potential lack of leadership or central coordination at the
state level. Identifying a central coordination agency with strong leadership is needed to guide
governance management techniques (Watkins et al. 2013; Sapkota et al. 2018). In addition, there
were a few cases where there was a discrepancy between the semi-structured interview results
and the legislative database review. The survey respondent would say the state had no legislation
regarding performance standards. Still, during our database review, we found legislation. On the
opposite side of the spectrum, many state agencies would collaboratively respond to the survey,
which shows inter-agency collaboration at the state level. Beyond cooperation and
communication, respondents noted a lack of resources, time, staffing, and other practical reasons
as barriers to developing performance-standard legislation.
While performance standards validate restoration outcomes and demonstrate restoration
actions replace lost wetland functions, numerous challenges exist in balancing management
expectations with actual ecological outcomes. Incorporating natural ecosystem fluctuations into
the management environment is challenging. Current strategies to balance management
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expectations and restoration outcomes focus on integrating resilience into the performance
standards structure. For example, incremental standards vary based on time since restoration
helps track progress and site development over time. Second, using reference sites may be
beneficial in establishing an appropriate threshold for success (Sueltenfuss and Cooper 2019).
Still, we encountered few mentions of reference sites to develop performance standards during
this study. As anthropogenic disturbances increase in scale and density, finding appropriate
reference sites is challenging (Otte et al. 2021). Instead, performance standards that use a
minimum and maximum range or are compared yearly or seasonally to reference sites to
establish expectations may be necessary. Understanding baseline site conditions before
restoration could help construct appropriate performance standards (Krievins et al. 2018). In
addition, extending performance standards beyond abiotic and ecological characteristics may
help ensure a project is completed. Regardless of the strategy, post-restoration monitoring plays
an increasingly important role in wetland mitigation.
Conclusion
The roles and responsibilities of state and federal governments are difficult to determine
and are often a larger philosophical question of governance. Environmental appreciation has
grown in the past 30 years, and agencies use interdisciplinary approaches to tackle complex
issues (Perring et al. 2015). As the scale and intensity of negative environmental consequences
grow, a parallel shift must occur to adopt more collaborative and larger-scale governance
structures. Governance can improve the transboundary approach to managing large, complex
socio-ecological systems. Social scientists increasingly recognize social factors as constraints to
restoration projection success (Sapkota et al. 2018; DeAngelis et al. 2020). Wetland mitigation
has begun to adopt a governance approach and balance management expectations with
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restoration outcomes. While wetland mitigation is a federally regulated process, diverse
approaches to management exist across the nation. Legislation, guidance documents, and direct
collaboration between state and federal agencies influence decision-making and real-world
outcomes.
Future research should continue to investigate the role of decision-making in the wetland
mitigation process and its influence on the "success" of wetland mitigation projects. For
example, is having state legislation or guidance documents necessary to achieve performance
standards at the site level or attain overall program effectiveness? In addition, incorporating
stream mitigation performance standards would be beneficial as many stream and wetland
mitigation programs overlap at the regulatory enforcement and project level. Additional
assessments looking into the content of guidance documents would also help classify the type of
guidance document beyond authorship (federal and state, state only) or document type (general
guidance, template, technical report/study). Moreover, reducing the scale of analysis to the local
or municipal level would be helpful. At least two states mentioned during the survey that while
the state may not have legislation, local municipalities filled the gap with their legislation and
approach.
This study further necessitates integrating social science assessments into restoration
ecology and practice (Palmer 2009). Bridging the science, practice, and policy divide is the path
to successful restoration (Suding 2011). Including qualitative data and social science
perspectives present a unique opportunity to improve ecological applications (Lowe et al. 2009).
While the science-practice divide highlights challenges between academic studies and real-world
constraints (Dickens and Suding 2013), policy plays an essential role as it is the most influential
driver in the mitigation process. Adaptive management can increase the management of complex
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systems (Baker and Eckerberg 2013), such as those found in mitigated wetlands. In addition,
future research integrating private and nonprofit stakeholder perspectives is necessary to
understand governance interactions fully. Aligning stakeholder perceptions is key to solving the
multifaceted socio-ecological puzzle underlining wetland restoration (Dawson et al. 2021).
Understanding social science concepts of values, governance, and people can fill gaps in current
watershed management approaches (Dunham et al. 2018).
To increase the usability and management application of this study, we created a database
that allows users to explore the data collected and processed during this study (email
jbryzek10@gmail.com to request access). The database will enable users to search data
organized by state, performance standards, and legislative rank. A significant barrier to state
agencies in developing and implementing management protocols is a lack of resources, including
funding and time. National surveys like this help reveal national trends and help states learn from
other programs. The creation of the database allows practitioners to explore different state
approaches to wetland management and can serve as a starting point for developing their
management actions.
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Tables
Table 1. Classification criteria used to visualize 1) state-adopted legislation regarding wetland
mitigation, 2) guidance document type, and 3) performance standard types for wetland mitigation
in the United States.
Ranking Categories

Description

State Legislation
None

No mention of wetlands, or

Some

Mentions wetland mitigation at a minimum, or

Mentions wetlands but not mitigation authorized under Clean Water Act.
Provides definitions for terms and processes but does not mention monitoring/performance
standards.
Explicitly mentions monitoring/performance standards as a requirement for mitigation and, or

Moderate

may mention some general characteristics to be used as performance standards/monitoring
criteria.
An all-encompassing explanation of monitoring criteria, such as listing standards or stating
specific categories.

Extensive
Guidance Document
Authorship

State Only
State and Federal

Type

General Guidance
Technical Report/Study
Template Document

None

Authored only by state agencies.
Authored by both state and federal agencies or the interagency review team.
General guidance document that established a methodology for wetland mitigation.
A report/study authored by state and federal agencies provides background on mitigation and
often acts less as a directional/methodology document.
These documents are often checklists or fill-in-the-blank documents that guide users through a
specific process. An example is a blank template for a Mitigation Banking Instrument.
No documentation was obtained for these states during this study. The state may use guidance
documents, but none were documented during this study.

Performance Standard Type
System

Describes the landscape feature/environment that the performance standard assesses.

Type
Abiotic
Categories
Ecological
Categories
Administrative
Categories

Criteria that evaluate the physical components of the environment, such as soil or hydrologic
attributes.
Hydrology, Soils, Area, Habitat Features, Topography, Delineation, Erosion, Geomorphic,
HGM, Location, Physiographic, Debris, Water Quality, Waters of the United States (WOTUS)
Criteria that describe biotic individuals or communities or use biotic attributes as abiotic
characteristics indicators.
Vegetation, Functional Assessment, Wildlife, Hydrology, Biogeochemical, Condition,
Geomorphic, Supplementary, Threatened & Endangered Species.
Criteria beyond a project's physical or ecological components and describe management
requirements.
Reporting, Monitoring Period, WOTUS, Delineation, Funding, General, Design, Land
Protection, Other.

76

Table 2. Frequency and distribution of legislative ranks, guidance document type, and
performance standard classification using criteria defined in Table 1. Data from a mixed method
approach includes semi-structured interviews and internet database reviews from all 50 states in
the USA.
Classification Schema
Legislative Rank
Extensive
Moderate
None
Some
Guidance Document Authorship
State & Federal Authorship
State Only Authorship
None
Performance Standard Type
Ecological
Ecological & Abiotic
Ecological, Abiotic, & Administrative
None
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Number
of
States

Percentage

7
7
18
18

14%
14%
36%
36%

18
17
15

36%
34%
30%

6
14
4
26

12%
28%
8%
52%

Table 3. The distribution and frequency of example performance standard (N = 327) categories.
See descriptions in Table 1. Data were obtained from semi-structured interviews and database
reviews regarding wetland mitigation for 50 states in the USA.
Frequency
Abiotic

Ecological

Hydrology
Soils
Area
Delineation
Habitat Features
Topography
Erosion
Geomorphic
Location
Physiographic
Debris
Water Quality
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233

Vegetation
Functional Assessment
Wildlife
Hydrology
Biogeochemical
Condition
Geomorphic
Supplementary
Threatened & Endangered Species
Administrative
19
Reporting
Waters of the United States
Monitoring Period
Funding
General
Design
Land Protection
Other
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26
17
6
6
5
4
3
3
2
1
1
1
196
18
10
4
1
1
1
1
1
5
4
3
2
2
1
1
1

Percentage
23.0%

71.3%

5.8%

8.0%
5.2%
1.8%
1.8%
1.5%
1.2%
0.9%
0.9%
0.6%
0.3%
0.3%
0.3%
59.9%
5.5%
3.1%
1.2%
0.3%
0.3%
0.3%
0.3%
0.3%
1.5%
1.2%
0.9%
0.6%
0.6%
0.3%
0.3%
0.3%

Figures

Figure 1. Wetland mitigation performance standards serve as a link between wetland ecosystem
conditions and the management environment.

Figure 2. To investigate state role and involvement in determining wetland mitigation
performance standards, we follow a generalized pathway of data acquisition, thematic analysis,
and result visualization for 1) state legislation, 2) guidance documents, and 3) performance
standards.
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Figure 3. Summary of semi-structured interview survey respondents by the state agency and job
title. We identified points of contact from a state wetland program or enforcement agency to
verify if the state had adopted legislation regarding performance standards and to obtain
examples of performance standards used within the state. We contacted a representative from all
50 USA states, with the most frequent respondent agency being the Department of
Environmental Protection/Quality/Management/Conservation/Control. The most common job
title of respondents was Administrator/Manager/Director/Supervisor/Chief, followed by Wildlife
Biologist/Biologist/Ecologist/Scientist.
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Figure 4. Summary of 1) state-adopted legislation, 2) authorship and type of guidance document,
and 3) performance standard type regarding wetland mitigation performance standards based on
criteria defined in Table 1. We obtained data from semi-structured interviews and database
searches for 50 states in the USA.
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Figure 5. The participatory spectrum summarizes state and federal agencies' roles in determining
wetland mitigation performance standards. A combination of legislation and guidance from state
and federal regulators converge and collaborate during the Interagency Review Team. The
spectrum shows that some states may be more driven by federal participation, while others may
be more driven by state agency supervision.
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Abstract
Successful wetland restoration depends on the development of the vegetation community
post-restoration. Woody vegetation provides functional and structural support to the wetland
ecosystem, and community development dictates restoration outcomes. Using a chronosequence
approach, we investigated basal and community development of the woody vegetation
community in 40 restored wetlands across West Virginia, USA. Time since restoration varied
from 1 to 29 years across the study sites. We identified woody individuals to the species level,
enumerated them, and measured the stem diameter at the groundline for all woody vegetation in
circular plots of 100 m2 (diameter = 5.6 m). We aggregated data into eight indicators at the site
scale to describe the woody vegetation community. Generalized linear regression shows native
species richness declined as wetland site age increased. Oppositely, log(stem area at the
groundline), a basal area metric, increased over time since restoration. The stem area at the
groundline exhibited minimal changes in the first 15 years after restoration, followed by a period
of slow growth from years 15 – 20, then rapid growth two decades after restoration. Meanwhile,
all other vegetation indicators, including total stem density, did not change along the
chronosequence gradient. All sites, regardless of age, were dominated by woody vegetation with
a small diameter. However, the frequency of stems greater than 9.1 cm increased as wetland age
increased. Overall, this study demonstrates the development of woody vegetation postrestoration occurs over decades, as opposed to years in central Appalachian wetlands.
Key Words: Appalachia, performance standards, West Virginia, wetland mitigation, wetland
restoration, woody vegetation
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Introduction
Revegetation is a significant component of ecosystem development post-restoration.
Woody vegetation provides structural and functional support to wetlands and is a critical
component of revegetation, as many wildlife communities depend on woody vegetation
assemblages (Balcombe et al. 2005a). However, achieving woody vegetation-related monitoring
criteria, such as performance standards for wetland mitigation, challenges practitioners,
demonstrating the difficulty in attaining desirable community structure post-restoration (Cole
and Shafer 2002). Studies suggest that mitigation is not replacing wetland types equally. Openwater and emergent wetlands have often been constructed in place of woody vegetationdominated wetlands (Cole and Shafer 2002), and projects fail to achieve appropriate vegetative
structure (Matthew and Endress 2008). Meanwhile, soil and hydrologic post-restoration
monitoring criteria are more often met than vegetative criteria (Mitsch and Wilson 1996; Brown
and Veneman 2001; Matthew and Endress 2008). Performance standards achievement verifies
restored wetland ecosystem functions and regulates mitigation credit release throughout the
project life cycle (Anne-Charlotte and Harold 2015).
To achieve appropriate wetland hydrology criteria, practitioners often design projects to
retain more water than reference wetlands, resulting in vegetative community shifts (Johnson et
al. 2012) at the expense of woody vegetation survival (Morgan and Roberts 2003). Additional
challenges to woody vegetation development include deer herbivory (Pennington and Walters
2006; Cherefko et al. 2015; Flaherty et al. 2018), hydrologic and microtopographic conditions
(Bledsoe and Shear 2000; Spencer et al. 2001; Pennington and Walters 2006; Johnson et al.
2012; Diamond et al. 2019), soil characteristics (Bledsoe and Shear 2000; Bailey et al. 2007),
survival of planted species (Matthew and Endress 2008), use of shelters for protection (Andrews
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et al. 2010), and appropriate community composition (Matthews et al. 2009a). In addition,
woody vegetation is influenced by factors outside of restoration activities, such as pre-restoration
site conditions (Gomez-Aparicio 2009), landscape conditions (Matthews et al. 2009b), and the
timing and frequency of flooding (McCurry et al. 2010; Johnson et al. 2012). However, despite
all these factors, woody vegetation remains a consistent dependent variable in restored wetland
ecosystems. Research studies evaluating woody vegetation development after the project
monitoring period ends are needed to better understand community growth and development.
Even though achieving desirable woody vegetation conditions post-restoration is
difficult, it has many characteristics that make it useful as an indicator of wetland ecosystem
trajectory. First, woody vegetation community development post-restoration can indicate created
site functionality and implementation outcomes. For example, hydrologic conditions influence
the amount of woody vegetation present (Pennington and Walters 2006; Anderson and Mitsch
2008a) and biomass accumulation (Fraser and Karnezis 2005). Survival and regeneration of
woody vegetation increase when appropriate soil preparation techniques are used, such as
disking (Lockhart et al. 2003) and increasing microtopography (Bailey et al. 2007). In addition,
planting techniques such as species and stock type directly influence woody vegetation
communities (Shafer and Roberts 2007; Roquemore et al. 2014; Thompson et al. 2018).
While these challenges primarily focus on planted stock and planting techniques, natural
colonization and volunteer species significantly contribute to post-restoration community
development (D’Angelo et al. 2005). Volunteer individuals are more prolific in older sites, while
planted individuals often dominate younger sites (DeBerry and Perry 2012). In a review of 76
projects in Illinois, 100% of sites achieved naturally revegetating stem criteria (Matthews and
Endress 2008). However, volunteer species such as black willow (Salix nigra) can have an
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extremely high density and limit the establishment of other successional species (McLeod et al.
2001).
Understanding the slow growth of woody vegetation makes it an indicator of long-term
site conditions (Adamus and Brandt 2002). Many studies have questioned the ability to
accurately assess ecosystem development within a 5 – 10 year monitoring period (Mitsch and
Wilson 1996; Zedler and Callaway 1999; Matthews et al. 2009a; Robertson et al. 2018). The
woody vegetation size increases significantly 15 years following site construction (Cooper et al.
2017), yet it may still take 40 to 50 years to achieve forested wetland conditions (Allen 1997).
As such, the 10-year monitoring timeframe to assess woody vegetation as part of a successful
forested restoration is questionable. While achieving desirable woody vegetation assemblages
post-restoration is challenging, restoring species diversity can enhance forested wetland
functions such as biomass and nitrogen accumulation (Callaway et al. 2003). In addition, wetland
tree and shrub abundance strongly influence avian, anuran (Balcombe et al. 2005b), and
macroinvertebrate (Balcombe et al. 2005c) communities.
Ecologists use survival of plant species, stem density, root collar diameter, diameter at
breast height (DBH), basal area, stem area at groundline (SAG), height, canopy cover, and
species composition metrics to describe woody vegetation development (Conner and Day 1992;
DeBerry and Perry 2004; D’Angelo et al. 2005; Anderson and Mitsch 2008b; Berkowitz 2013;
Walter et al. 2013; Roquemore et al. 2014; Russell and Beauchamp 2017; Berkowitz 2019).
Berkowitz (2019) observed the greatest increases in tree diameter through DBH measurements at
13 – 20 years and another increase at 25 years post-restoration. However, DBH requires woody
vegetation to be at a certain height, which limits the parameter of judging the success of stems
impacted by deer browse or individuals with limited vertical growth. Basal diameter area, as
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opposed to DBH, has been recommended to better predict biomass accumulation of multistemmed species (Zhao et al. 2004). The SAG is like a basal area metric. Still, it represents the
summed cross-sectional area of measured stems at the groundline. The cumulative SAG
measurement describes the proportion of the site covered by woody vegetation and indicates
woody vegetation dominance. The metric has recently been adopted as a performance standard in
Virginia after studies suggest SAG follows a predictable pattern over time with slow growth
during years 2 – 6, rapid development from years 8 – 14, and stabilization from ages 16 – 22
(Hudson and Perry 2018). Other studies agree that stem area may be a more appropriate metric
than stem density (Berkowitz 2013). Research investigating woody vegetation growth and
development can help develop accurate success thresholds for post-restoration evaluation.
Woody vegetation growth models generally include asymmetric sigmoid with slow growth,
followed by rapid growth, before stabilization and finally declining (Hudson and Perry 2018).
Although numerous forestry studies question asymptotic growth properties when applied to
woody vegetation (Thomas 2002; Colbert et al. 2004; Sillett et al. 2010; Bontemps and Duplat
2012). Understanding the colonization dynamics of woody vegetation is critical when
investigating restoration trajectories and successional patterns in restored wetlands.
This research uses community indicators to investigate woody vegetation development
and community composition in restored wetlands. Achieving desirable woody vegetation
community structure post-restoration is necessary to ensure that restored wetlands are
functioning as intended. We used a chronosequence study design approach to evaluate attributes
from study sites that represent a variety of ages (Walker et al. 2010). We included volunteer and
planted individuals in the analysis to better understand the long-term site development postrestoration. This study investigates woody vegetation indicator development along the
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chronosequence gradient and assesses their feasibility of following a predictable trajectory over
time. Woody vegetation growth indicators include 1) species richness, 2) native species richness,
3) wetland indicator status weighted average, 4) abundance weighted floristic quality index, 5)
total stem density, 6) shrub stem density, 7) tree stem density, and 8) SAG. In addition, we
incorporate the diameter size class to investigate the resiliency and regenerative properties of the
community. Lastly, we compare field sampling results between growing (May – September) and
dormant (November – December) season sampling. Post-restoration ecological studies help
inform future restoration revegetation approaches and develop effective post-restoration
monitoring criteria. We use results from this study to discuss the role and potential of woody
vegetation to be used as monitoring and performance standard criteria.
Methods
Study Area
West Virginia is in the Mid-Atlantic region of the United States. Cold winters and warm
summers dominate the climate, with annual precipitation ranging from 1,063 mm to 1,180 mm
evenly distributed throughout the year (Wilken et al. 2011). The state is dominated by three
Level III ecoregions described by the U.S. Environmental Protection Agency: Ridge and Valley,
Central Appalachians, and the Western Allegheny Plateau (Woods et al. 1999). The Central
Appalachian Ecoregion is a mixed mesophytic forested land cover with harsh terrain (Woods et
al. 1999). Comparatively, the Western Allegheny Plateau has mixed mesophytic and oak forests
but is less rugged and forested (Woods et al. 1999). The Ridge and Valley ecoregion is lower in
elevation and the least rugged and forested but exhibits more diverse ecosystems from varying
relief patterns (Woods et al. 1999). A small portion in the easternmost part of the state intersects
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the Blue Ridge ecoregion and is defined as having forested slopes along narrow ridgelines
underlain with metamorphic rock (Woods et al. 1999).
Wetlands represent only one percent of the state’s surface area but are widely distributed
across West Virginia (WVDEP and WVDNR 2021). Most are small and classified as seasonally,
temporarily, and permanently flooded (Tiner 1996). Although some states are prime candidates
for wetland mitigation due to population growth and increased pressure for development
(BenDor and Doyle 2009), West Virginia exhibits a decreasing population. However,
anthropogenic land use changes from resource extraction industries, development, and highway
construction still negatively impact natural ecosystem attributes and require mitigation to
compensate for impacts on wetland resources. Human-induced land use changes and pollution
threaten the state’s wetland and aquatic resource integrity (WVDEP and WVDNR 2021).
Numerous federal, state, and local governmental agencies, non-profit conservation agencies, and
for-profit private entities facilitate and implement wetland restoration activities within the state
to help restore degraded areas.
Study Sites
We selected 40 restored wetlands aged 1 to 29 years (x̄ = 9.7, SE = 1.3) for this study
based on accessibility and distribution among ecoregions (Figure 1). Wetland size (hectares)
ranged from 0.20 to 9.5 (x̄ = 2.99, SE = 0.39; Appendix A) and ranged in elevation from 147 to
1,215 m (x̄ = 495.8 m, SE = 45.5; Appendix B). Wetlands were distributed among all ecoregions
(Ridge and Valley (n = 8), Central Appalachians (n = 14), Western Alleghany Plateau (n = 17),
Blue Ridge (n = 1)). Restoration methods varied among study sites and included restoration (n =
5), enhancement (n = 3), establishment (n = 9), or a combination of types, including
enhancement and establishment (n = 22) and restoration and enhancement (n = 1). Enhancement
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improves a specific wetland function (Gwin et al. 1989; USACE and USEPA 2008).
Establishment creates a new wetland where one did not exist, and restoration revives a
previously existing wetland that became degraded (Gwin et al. 1989; USACE and USEPA
2008). Most study sites were restored for wetland mitigation using mitigation banks (n = 12), inlieu fee program (n = 8), and permittee responsible (n = 13). The remaining study sites were
considered voluntary restoration completed by the U.S. Forest Service (n = 3), non-profits (n =
2), a private landowner (n = 1), and the Natural Resources Conservation Service Agriculture
Conservation Easement Program (formerly Wetland Reserve Program) (n = 1).
Data Collection
We sampled woody vegetation at all sample sites (n = 40) during the 2021 growing
season (May – September). Following the same field methodology, we revisited a random subset
of sites (n = 20) during the dormant season (November – December). Protocols followed
recommendations developed by DeBerry (2018) and utilized a stratified random sample
approach. Circular plots 100 m2 in area (diameter = 5.6 m) were randomly generated within each
wetland class (Cowardin et al. 1979) using the ArcGIS Generate Random Points tool to generate
plot centroids (DeBerry 2018). Centroids were buffered at the diameter distance of the plot to
avoid overlapping plot areas. While the minimum number of plots per site was four, the number
of plots depended on the wetland size, with the total plot area representing at least 2% of the total
wetland area to achieve a sufficient sample size (DeBerry 2018).
Within each plot, we identified all woody vegetation to species, enumerated stems, and
measured the stem diameter at the groundline to 0.01 cm using digital calipers. For multi-stem
individuals, the five largest stems were measured and summed to represent the individual. For
live stakes, new shoot growth from the livestake at the base of the stem was measured, as
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opposed to the diameter of the live stake itself. For plots dominated by a dense monoculture, a
representative sectional area totaling 1/5th of the plot area was selected, and all individuals were
measured, enumerated, and identified. The measured stems in the representative area were
multiplied by 5 to estimate the total stems in the entire monoculture of the plot. We measured
soil penetration resistance at three randomly selected locations within each plot. We used a
manual, portable cone soil compaction tester (Dickey-John Corporation, Auburn, Illinois, USA)
following the soil-cone penetrometer standards (American Society of Agricultural Engineers,
1992). Readings were obtained at 7.6-cm increments up to 45.7 cm in depth (pounds per in2),
converted to kilopascals (kPA), and averaged each sampling depth for each site.
All woody species were assigned a wetland indicator status (WIS) and a Coefficient of
Conservatism (CoC). The WIS quantitatively ranks species' probability of occurrence in a
wetland environment: upland (UPL) = 5, facultative upland (FACU) = 4, facultative (FAC) = 3,
facultative wet (FACW) = 2, and obligate (OBL) = 1 (Lichvar et al. 2012). The CoC value is a
measure of species disturbance and ranks species on a scale of 0, very tolerant to disturbance, to
10, intolerant of disturbance (Spyreas 2019) and has been applied to all West Virginia Flora
(Rentch and Anderson 2006; WVDEP 2022). In addition, all species were classified by origin
(native or non-native) and mature life-form physiognomy (vine, tree, or shrub) (WVDEP 2022).
Woody vegetation growth indicators were summarized at the plot level and averaged
across all plots to represent site-level metrics, including 1) species richness, 2) native species
richness, 3) WIS weighted average, 4) abundance weighted floristic quality index (FQI), 5) total
woody stem density (stems/ha), 6) tree density (stems/ha), 7) shrub density (stems/ha), and 8)
basal area represented as SAG (m2/ha). We calculated WIS-weighted averages using the
following equation:
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𝑊𝑊𝑊𝑊𝑊𝑊 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =

(𝑦𝑦1 𝑢𝑢1 + 𝑦𝑦2 𝑢𝑢2 … 𝑦𝑦𝑚𝑚 𝑢𝑢𝑚𝑚 )
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where 𝑦𝑦1 𝑦𝑦2 are the relative basal area for each species and 𝑢𝑢1 𝑢𝑢2 is the corresponding WIS for
each species (Atkinson et al. 1993; Balcombe et al. 2005d). A lower WIS weighted average

shows that wetland-specific vegetation dominates the woody vegetation community (Atkinson et
al. 1993). The FQI is a quantitative indicator of a site’s disturbance (Bell et al. 2017). We
calculated an abundance-weighted FQI using the equation FQI= ∑wmC × (√S) where S is the
number of woody plant species and the wmC is an abundance-weighted metric calculated for
each species using the following equation:
𝑤𝑤𝑤𝑤𝑤𝑤 =

∑ 𝑖𝑖=0𝑛𝑛 𝐶𝐶𝑖𝑖 𝑎𝑎𝑖𝑖
∑ 𝑖𝑖=0𝑛𝑛 𝑎𝑎𝑖𝑖

where C = Coefficient of Conservatism and a = abundance, defined as the SAG for each species
(Bourdaghs 2014; Spyreas 2016). In addition, we converted measured stem diameters (D) to
𝐷𝐷

SAG using the equation: 𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜋𝜋( 2 )2.
Statistical Analysis
We detected changes in vegetation indicators along the chronosequence gradient using
generalized linear regression analysis. The age of the site (years) at the time of field sampling
(2021) was the independent variable, and we used the nine vegetation indicators as the dependent
variables. The linear regression distribution was dependent on the vegetation indicator. We used
a Poisson-family error distribution for species richness and native species richness formatted as
count data (Gotelli and Ellison 2004: 34) and a Gaussian distribution for WIS weighted average,
abundance weighted FQI, stem densities, and log(SAG) (Gotelli and Ellison 2004: 46). We
incorporated level III ecoregion, and site averaged soil compaction ratings into each vegetation
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indicator model as additional predictor variables. Due to multicollinearity among soil
compaction ratings at incremental depths (cm) (7.6, 15.2, 22.8, 30.4, 38), we averaged soil
compaction across all depths to consolidate one soil compaction reading for each site (Appendix
C). We used the glm function in R statistical software, with a specified family for “poisson” for
poisson models (R Core Team 2022). We tested linear model assumptions, including normal
residuals using the Shapiro–Wilk and homoscedastic errors using the Breusch–Pagan tests. In
addition, we further investigated development using nonlinear regression analysis and model
fitting (Appendix D).
To further assess woody vegetation community organization, we investigated individuals'
relative frequency of diameter size along the chronosequence age gradient using generalized
linear regression. We used the site age (years) as the independent variable and the relative
frequency of stems in each diameter size class (1: 0 – 0.5 cm, 2: 0.51 – 1.0 cm, 3: 1.1 – 2.0 cm,
4: 2.1 – 3.0 cm, 5: 3.1 – 4.0 cm, 6: 4.1 – 5.0 cm, 7: 5.1 – 7.0 cm, 8:,7.1 – 9.0 cm, and 9: ≥ 9.1) as
the dependent variable. We incorporated ecoregion and soil compaction site averages as
additional predictor variables. We used the glm function in R (R Core Team 2022). To examine
differences between the growing and dormant season field sampling, we used a two-sample t-test
to compare species richness, stem density, and SAG between sites. We conducted all statistical
tests in R version 4.0.3 and used α = 0.05 (R Core Team 2022).
Results
Species Occurrence and Distribution
We identified 60 unique species from 25 families and tallied 15,783 stems during the
2021 growing season (Table 1). Most species (n = 54, 90%) were native, although a few (n = 6,
10%) were non-native. Non-native species included multiflora rose (Rosa multiflora), Asian
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bittersweet (Celastrus orbiculatus), Autumn olive (Elaeagnus umbellata var. parvifolia),
common St. John's wort (Hypericum perforatum), Morrow's honeysuckle (Lonicera morrowii),
and white willow (Salix alba). The number of plots sampled per wetland ranged from 4 to 19 (x̄
= 7.5, SE = 0.68).
Smooth alder (Alnus serrulata) was the most common species (19.3%), followed by
white meadowsweet (Spiraea alba) (17%), brushy St. John's wort (Hypericum densiflorum)
(11.7%), silky dogwood (Cornus amomum) (9.6%), steeplebush (Spiraea tomentosa) (5.8%),
black willow (Salix nigra) (5.2%), silky willow (Salix sericea) (4.2%), silver maple (Acer
saccharinum) (3.4%), American sycamore (Platanus occidentalis) (3.3%), buttonbush
(Cephalanthus occidentalis) (2.3%), and alderleaf buckthorn (Rhamnus alnifolia) (2.0%). The
other 49 species represented less than 2% of measured stems (Appendix E). In contrast, the most
widely distributed species across all study sites and their percentage of sites detected include
black willow (72.5%), silky dogwood (70%), buttonbush (60%), smooth alder (52.5%),
American sycamore (40%), multiflora rose (40%), black elderberry (Sambucus nigra ssp.
canadensis) (35%), and red maple (Acer rubrum) (25%). The other 52 species (86.7%) were
documented at less than 10 (20%) study sites.
Woody Vegetation Indicator Trajectories
Across all study sites, total species richness ranged from 1 to 19 (x̄ = 7.6, SE = 0.66) and
native species richness ranged from 1 to 17 (x̄ = 6.7, SE = 0.56) (Appendix F). The site with the
lowest species richness was dominated solely by black willow and was 11 years of age, while the
highest species richness occurred at a 13-year-old site. We documented at least one invasive
species at 23 sites (57.5%). The highest number of invasives recorded at a site was 4 and
occurred at one of the oldest sites (29 years old). The average WIS weighted across all sites was
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1.9 (SE = 0.06). The average total stem density (stems/ha) was 848.5 (SE = 157.0), while the
average shrub density (stems/ha) was 678.2 (SE = 156.8) and tree density (stems/acre) was 170.3
(SE = 33.8). SAG (m2/ha) ranged from 0.016 to 21.2 (x̄ = 2.570, SE = 0.61).
Regression analysis shows mixed results for wetland age's effect on vegetation indictors
(Figure 2; Appendix G). Native species richness decreased with wetland age (R2 = 0.40, P =
0.042). Oppositely, SAG increased with site age (R2 = 0.41, P < 0.001). Wetland age did not
affect total species richness (R2 = 0.36, P = 0.071), FQI (R2 = 0.16, P = 0.15), WIS weighted
average (R2 = 0.01, P = 0.86), total stem density (R2 = 0.22, P = 0.80), shrub density (R2 = 0.25,
P = 0.99), or tree density (R2 = 0.14 , P = 0.35). Average site soil compaction was not a
significant predictor variable for any vegetation indicator. Seven sites (17.5%) recorded soil
penetrometer resistance above the "good" threshold (1 – 1380 kPa), meaning the soil was
compacted according to the manufacturer's standards (Appendix H). All other study sites were
within the “good” threshold. Soil compactions ratings, independent of vegetation indicator, at
each depth were non-significant along the chronosequence gradient. The influence of ecoregion
varied among vegetation indicators (Table 2). The Ridge and Valley ecoregion exhibited the
highest species richness (P = 0.04) and native species richness (P = 0.04; Figure 3). The Central
Appalachians had the second highest species richness (P = 0.03), while the Western Allegheny
Plateau had the lowest.
Stem Area at Groundline Trajectory
Although there is a strong linear correlation between wetland site age and SAG, the
predicted model failed model assumptions. We corrected assumptions by log transforming SAG.
The transformed model met model assumptions, including normally distributed residuals (P =
0.28) and homoscedasticity (P = 0.068). We found log(SAG) increases with site age (R2 = 0.31,
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P < 0.001). Every year after restoration, the absolute log(SAG) increases by 0.110 m2/ha when
considering both volunteer and planted woody vegetation (Figure 4).
Diameter Size Class Distribution
Diameters ranged in size from 0.1 to 104.5 cm (x̄ = 1.2, SE = 0.019). The largest
recorded diameter (104.8 cm) was a five-stemmed black willow at a 29-year-old site, where each
stem diameter averaged 26.2 cm. Out of all measured stems during the growing season, only 147
(0.93%) had a stem diameter > 10 cm, while 9,158 (42.0%) were < 1 cm. Black willow
represented 49% of stems > 10 cm. The relative frequency of diameters ≥ 9.1 cm increased with
wetland age (R2 = 0.43, P = 0.008; Figure 5). Site age (years) did not affect any other diameter
classes (Appendix I). All sites, regardless of age, were dominated by small-diameter stems.
However, the ecoregion influenced the relative frequency of size diameter classes when
diameters were ≥ 5.0 cm (Figure 6). The relative frequency of stem diameters of 5.1 – 7.0 cm
was lowest in the Central Appalachian ecoregion and highest in the Western Allegheny Plateau.
Soil compaction did not influence the relative frequency of size diameter class distribution.
Growing vs. Dormant Season Sampling Comparison
We documented 7,342 stems from 50 species during dormant season sampling compared
to 7,961 individuals from 50 species for these same 20 wetlands during the growing season
(Appendix J). Two sample t-tests indicated there were no significant differences in species
richness between growing (x̄ = 8.05, SE = 1.1) and dormant season (x̄ = 8.1, SE = 1.2), total stem
density (stems/ha) between growing (x̄ = 617.6, SE = 147.7) and dormant season (x̄ = 612.4, SE
= 116.5), or SAG (m2/ha) between growing (x̄ = 3.1, SE = 1.1) and dormant season (x̄ = 3.4, SE
= 1.1) (Table 3). During the dormant season revisit, four sites had recent beaver (Castor
canadensis) activity that reduced the amount of living woody vegetation. When the sites
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influenced by beaver activity were removed from the analysis, there were still no significant
differences in species richness between growing (x̄ = 7.81, SE = 5.4) and dormant season (x̄ =
7.94, SE = 5.9), total stem density (stems/ha) between growing (x̄ = 451.8, SE = 283.8) and
dormant season (x̄ = 503.0, SE = 333.2), or SAG (m2/ha) between growing (x̄ = 3.0, SE = 5.3)
and dormant season (x̄ = 3.5, SE = 5.6).
Discussion
Our approach using a chronosequence study design to assess woody vegetation growth
and development demonstrates diverse changes over time and differences in trajectories based on
the woody vegetation parameter. Identifying attributes that monitor woody vegetation restoration
trajectories is needed to develop post-restoration monitoring criteria and performance standards.
Our results show that species richness, WIS-weighted averages, abundance-weighted FQI, total
stem density, tree density, and shrub density did not change along the chronosequence gradient.
Even though these metrics did not change with site age, their non-significant effect helps express
wetland restoration outcomes. For example, WIS weighted average did not change over time,
suggesting that even though species richness may decline, the woody vegetation community still
matches appropriate wetland hydrology. An increase in WIS weighted average over time shows
the woody vegetation community assemblages shifted to more upland species. In contrast, a nonsignificant trendline suggests that there is no significant trend toward the development of upland
communities.
Total stem density, shrub density, and tree density metrics did not change along the
chronosequence gradient. Our findings mirror other studies that suggest static stem density
requirements are not appropriate indicators of wetland development (Berkowitz 2013; Hudson
and Perry 2018). Compared to SAG, total stem density was a less sensitive indicator. SAG was a
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more similar metric between wetlands of similar ages and appeared more stable than stem
density. For example, SAG is more similar between the two sites despite having different
densities. Spencer et al. (2001) found opposite results while examining successional processes in
restored bottomland forests where sites may have similar densities. Still, the basal area was twice
as much in one site compared to the other (Spencer et al. 2001).
Even though SAG exhibited a strong linear relationship with wetland site age,
environmental conditions can influence plant growth and development over time, limiting the
application of linear regression models to vegetation restoration trajectories (Paine et al. 2012).
Our linear regression analysis results should be interpreted with caution. The linear model
severally underestimates SAG in the first 5 years following restoration and overestimates SAG
after the 5-year mark. Two dataset characteristics complicate regression interpretation and
application. First, variation in SAG between sites of a similar age made it difficult to discern an
appropriate SAG threshold for wetland age. Second, there was an extreme outlier in the dataset.
A 29-year-old site had the maximum recorded SAG (21.23 m2/ha). This site was the only
restoration site to achieve forested wetland designation post-restoration, suggesting optimal
conditions can result in strong woody vegetation development and perhaps sets the standard for
desirable SAG thresholds. Comparatively, 8.80 m2/ha was the second-highest recorded SAG and
occurred at a site 29 years old. Both characteristics strongly influenced regression analysis
results and demonstrated that diverse woody vegetation characteristics existed post-restoration.
Future studies that increase the temporal analysis timeframe within restored wetlands are
needed to investigate the potential of woody vegetation growth stabilization in the long term. In
our 30-year time frame, SAG did not research a period of stabilization. Whereas many ecological
processes are grounded in resource-limited environments that cause asymptotic growth, tree girth
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can accumulate indefinitely as trees age (Sillett et al. 2010). Applying asymptotic growth curves
for woody vegetation is continuously questioned (Thomas 2002; Bontemps and Duplat 2012). In
West Virginian forests, basal area model parameter estimates are notoriously difficult to obtain
even when the dataset includes 350-year-old trees (Colbert et al. 2004). Datasets must represent
early juvenile growth, adolescent, mature, and old life stages to improve non-linear forestry
model fit (Fekedulegn et al. 1999). In addition, we recommend that future studies connect
construction and implementation techniques to actual ecological outcomes to better inform
restoration practices instead of relying only on post-restoration monitoring evaluations. Overall,
the variability of woody vegetation conditions post-restoration complicates non-linear model
results and demonstrates the difficulty in recommending static thresholds as performance
standards. Our empirical justification shows SAG alone may have limited application for
monitoring site development in the first 15 years after restoration.
Our aggregated soil compaction results show that soil compaction did not influence SAG
development. However, limited soil development in the first ten years post-restoration can
restrict the growth of plant communities (Meyer et al. 2008). The soil development may explain
our study's delayed growth rate of SAG. Reduced root growth from soil compaction can reduce
tree crown and stem diameter development, but the effects may not be apparent for years after
planting (Yingling et al. 1979). In addition, woody vegetation species respond differently to soil
compaction, where one species may benefit from increased root-soil contact. At the same time, it
might act as a growth inhibitor to other species (Alameda and Villar 2009). Soil compaction can
vary across depths depending on the intensity of disturbance, where deeper soil compaction
reveals a more extensive disturbance history (Kozlowski 1999). Outside of soil characteristics,
invasive species colonization and development can influence vegetation development 5 – 10
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years after restoration (Matthews and Spyreas 2010). Survival of planted stock (Matthews and
Endress 2008) and deer herbivory (Pennington and Walters 2006) are other challenges
practitioners must overcome. Therefore, natural colonization plays an essential role in woody
development post-restoration. While initial active planting of prominent individuals may help
restoration sites achieve a basal area like non-restored forests, seedling germination is necessary
to achieve a desirable stem density (Niswander and Mitsch 1995).
The dominance of planted vs. volunteered individuals shifts over time as older restored
wetlands exhibit more volunteers (DeBerry and Perry 2012). We attempted to recover planting
plans for our study sites but were unsuccessful in incorporating them into the analysis (Appendix
K). Many site planting specifications were unavailable, and there was no way to determine which
individuals had been planted during field sampling because tree shelters were not used at all
sites. The lack of available data suggests that more communication and planning are needed to
develop and maintain project files to help guide scientific studies that use project implementation
and monitoring data. However, we incorporated woody vegetation community resiliency
assessments into our analysis. The stem-diameter size frequency analysis showed a high volume
of small individuals across all study sites regardless of age, suggesting that natural colonization
continually occurs as time since restoration increases. However, older sites were dominated by
stems greater than 9.1 cm, suggesting that the frequency and prevalence of stem diameter sizes
may be applicable to track restoration development.
Mitigation mechanisms are expected to have different ecological outcomes (Campbell et
al. 2002), where mitigation banks are larger and have more concentrated scientific, funding, and
regulatory integration (Spieles 2005). In our study, the voluntary restoration and permitteeresponsible sites were generally older than the mitigation banks and in-lieu fee program sites,
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making it challenging to compare ecological conditions among different mitigation mechanisms.
However, the shift in the restoration type mirrors policy changes due to the 2008 Final Rule,
which established a preference for mitigation banks, followed by in-lieu fee sites and permittee
responsible (USACE and USEPA 2008). Future studies investigating differences among
mitigation mechanisms may help validate the preferred means for compensation. In addition,
there was an age gap within our chronosequence study approach. There were no available
restored wetlands between 15 and 20 years of age to conduct field sampling. This five-year gap
would provide valuable insight to connect woody vegetation community observations between
sites younger than 15 and older than 20 to help researchers identify critical monitoring
timeframes.
Our study shows insignificant differences between growing and dormant season results,
suggesting that field sampling of woody vegetation can occur in either season. However, woody
vegetation diameter growth primarily occurs between April and late July (Conner and Day
1992). Managers should consider the time of year sampling occurred when comparing woody
vegetation metrics between years. One unexpected result from this study was the evidence of
beaver activity between the growing and dormant season sampling events. Four sites, which
varied in age (2, 5, 7, and 14 years since restoration), had documented beaver activity between
the sampling seasons. Another site (29 years) also had recent beaver activity between growing
and dormant season visits, but it occurred outside our study plots. Differences between growing
and dormant season results were still non-significant even when we removed sites affected by
beaver from the analysis. However, stem density was slightly lower in growing season sampling.
While beavers are natural ecosystem engineers, the restoration community often views their
appearance as a nuisance and an inhibitor to achieving post-restoration monitoring criteria by
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altering stream morphology and removing planted woody vegetation. However, beavers can help
improve biodiversity in restored wetlands (Nummi and Holopainen 2020) and alter wetland
vegetative community composition (Bonner et al. 2009). Incorporating flexibility into woody
vegetation monitoring criteria is necessary to accommodate wildlife communities.
During this 30-year chronosequence assessment, the woody vegetation community is still
developing. Our findings suggest woody vegetation many have limited potential to track
restoration development within a 10-year monitoring timeframe. A short monitoring period
cannot assess or predict long-term ecosystem development (Robertson et al. 2018). In addition,
there was variation between sites of the same age, suggesting dissimilarity of woody vegetation
parameters between similarly aged sites. Including a more diverse suite of metrics that assess the
entire woody vegetation community may be needed (DeBerry and Perry 2012). Relying solely on
woody vegetation species richness or stem densities may lead to inaccurate assessments of site
development. Metrics that assess other site components, such as soil and hydrologic
characteristics, are also needed to describe site development, as hydrology is a driving factor for
site development and restoration of site function (Hunter et al. 2008). Woody vegetation
community development post-restoration may be limited by planting and implementation
techniques during the restoration phase, as well as a lack of natural colonization. Studies suggest
that implementation approaches can have lasting impacts on wetland development postrestoration for up to 30 years (Moreno-Mateos et al. 2015). In our study, species richness
declined over time, but the frequency of small diameter size classes remained high, suggesting
that naturally colonizing species are not increasing species diversity. This finding mirrors other
studies that question woody species diversity development in restored wetlands (Allen 1997;
Matthews et al. 2009a).
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Conclusion
We conclude that managers and regulators should use caution when relying on woody
vegetation development as an evaluation metric post-restoration during the first ten years of
monitoring. Forests are complex systems and exhibit non-linear phenomena and self-organizing
mechanisms (Filotas et al. 2014). These diverse characteristics necessitate management practices
that account for forest complexity. Due to contains on time, energy, and resource, simplified
assessments are often used (Cole and Shafer 2002; Spencer et al. 2001), but reliance on these
short-term snapshots may contribute to long-term loss of woody vegetation structure and
function. In addition, ecosystems are dynamic and continuously change over time. Performance
standards that assess vegetative structure are difficult to achieve, especially metrics that relate to
woody vegetation (Matthew and Endress 2008). Because of many challenges, achieving
successful woody vegetation development post-restoration within the pre-defined monitoring
timeframe of 5 – 10 years is trying. Overall, our results show that woody vegetation development
may take more than two decades to observe substantial increases in SAG. Failure to achieve
appropriate woody vegetation abundance may result in lost ecosystem functions and services.
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Tables
Table 1. The frequency and distribution of 60 woody vegetation species were documented during
growing season field sampling from May – September 2021 in restored wetlands (n = 40) across
West Virginia, USA. The table is alphabetically organized by scientific name, and the bolded
text indicates a non-native species. The Number of Stems describes the total number of stems
measured across all sites for the species, and the Percentage of Stems is the percentage of stems
measured for that species across all species and sites. The Stem Frequency Rank is a numeric
rank of the Number of Stems from most common (1) to least common (47) based on the
frequency across all species. The Number of Sites describes the total number of sites where the
species was detected, and the Percentage of Sites represents the percentage of sites the species
was documented from all study sites. The Site Distribution Rank is a numeric rank of the
Number of Sites Detected from most common (1) to least (28) common. Comprehensive
information describing each species is in Appendix E.

Scientific Name

Number of
Stems

Percentage
of Stems

Stem
Frequency
Rank

Number
of Sites
Detected

Percentage
of Sites
Detected

Site
Distribution
Rank

Abies balsamea
Acer negundo var. negundo
Acer rubrum
Acer saccharinum
Alnus incana ssp. rugosa
Alnus serrulata
Amelanchier laevis
Amelanchier sanguinea var. sanguinea
Amorpha fruticosa
Aronia arbutifolia
Aronia melanocarpa
Betula nigra
Carya glabra
Celastrus orbiculata
Cephalanthus occidentalis
Cercis canadensis var. canadensis

18
149
287
543
214
3055
3
7
4
2
102
33
1
4
369
3

0.10%
0.90%
1.80%
3.40%
1.40%
19.30%
0.00%
0.00%
0.00%
0.00%
0.60%
0.20%
0.00%
0.00%
2.30%
0.00%

37
18
13
8
14
1
45
41
44
46
20
30
47
44
10
45

2
7
10
8
1
21
1
1
1
1
2
3
1
1
24
2

5.00%
17.50%
25.00%
20.00%
2.50%
52.50%
2.50%
2.50%
2.50%
2.50%
5.00%
7.50%
2.50%
2.50%
60.00%
5.00%

14
9
7
8
15
4
15
15
15
15
14
13
15
15
3
14
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Cornus amomum
Crataegus crus-galli
Diospyros virginiana
Elaeagnus umbellata var. parvifolia
Fraxinus americana
Fraxinus pennsylvanica
Hypericum densiflorum
Hypericum perforatum
Ilex verticillata
Larix laricina
Lindera benzoin
Liquidambar styraciflua
Liriodendron tulipifera
Lonicera morrowii
Nyssa sylvatica
Oxydendrum arboreum
Physocarpus opulifolius var.
opulifolius
Picea rubens
Pinus strobus
Platanus occidentalis
Populus deltoides ssp. deltoides
Populus grandidentata
Populus tremuloides
Prunus serotina var. serotina
Quercus alba
Quercus bicolor
Quercus palustris
Quercus phellos
Quercus prinus
Rhamnus alnifolia
Rhus copallinum
Robinia pseudoacacia
Rosa multiflora
Rosa palustris
Salix alba
Salix nigra
Salix sericea
Sambucus nigra ssp. canadensis
Spiraea alba
Spiraea tomentosa
Ulmus americana
Viburnum dentatum var. dentatum
Viburnum prunifolium
Viburnum recognitum

1515
17
28
95
6
57
1845
144
191
2
6
2
2
62
9
177

9.60%
0.10%
0.20%
0.60%
0.00%
0.40%
11.70%
0.90%
1.20%
0.00%
0.00%
0.00%
0.00%
0.40%
0.10%
1.10%

4
38
31
21
42
25
3
19
15
46
42
46
46
23
40
16

28
2
1
6
2
1
8
1
7
1
2
1
2
7
1
2

70.00%
5.00%
2.50%
15.00%
5.00%
2.50%
20.00%
2.50%
17.50%
2.50%
5.00%
2.50%
5.00%
17.50%
2.50%
5.00%

2
14
15
10
14
15
8
15
9
15
14
15
14
9
15
14

40
7
4
523
2
3
21
1
7
76
20
25
19
315
1
5
298
39
22
821
669
164
2692
922
34
61
46
16

0.30%
0.00%
0.00%
3.30%
0.00%
0.00%
0.10%
0.00%
0.00%
0.50%
0.10%
0.20%
0.10%
2.00%
0.00%
0.00%
1.90%
0.20%
0.10%
5.20%
4.20%
1.00%
17.00%
5.80%
0.20%
0.40%
0.30%
0.10%

27
41
44
9
46
45
34
47
41
22
35
32
36
11
47
43
12
28
33
6
7
17
2
5
29
24
26
39

5
2
1
16
1
1
1
1
2
7
4
1
2
1
1
1
16
3
3
29
8
14
5
7
4
6
1
1

12.50%
5.00%
2.50%
40.00%
2.50%
2.50%
2.50%
2.50%
5.00%
17.50%
10.00%
2.50%
5.00%
2.50%
2.50%
2.50%
40.00%
7.50%
7.50%
72.50%
20.00%
35.00%
12.50%
17.50%
10.00%
15.00%
2.50%
2.50%

11
14
15
5
15
15
15
15
14
9
12
15
14
15
15
15
5
13
13
1
8
6
11
9
12
10
15
15
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Table 2. Model results for generalized linear regression of woody vegetation indicators for 40
restored wetlands along a chronosequence gradient (1 – 29 years) in West Virginia, USA, during
the growing season (May – September) sampling 2021. Predictor values include site age (years),
level III ecoregions (CA = Central Appalachians; RV = Ridge and Valley; WA = Western
Allegheny Plateau), and soil compaction site averages. The direction of effect is indicated by +
(positive) or – (negative) values based on the coefficient estimate. Significance is denoted by **
where p < 0.05.
Vegetation Indicator

Site Age

Ecoregion

Soil Compaction

CA

RV

WA

–

+ **

+ **

+

–

Native Species Richness

– **

+

+ **

+

+

WIS Weighted Average

+

–

–

–

–

Abundance Weighted FQI

–

+

+

+

–

Total Stem Density (stems/ha)

–

+

+

+

–

Shrub Density (stems/ha)

–

+

+

+

–

Tree Density (stems/ha)

–

–

–

+

–

+ **

+

+

+

–

Species Richness

SAG (m2/ha)

120

Table 3. Comparison of woody vegetation parameters between growing (May – September 2021)
and dormant season (November – December 2021) sampling shows no significant differences in
species richness, total stem density (stems/ha), or SAG (m2/ha). Data from restored wetlands (n =
20) across West Virginia, USA, varied in age from 1 to 29 years.

Woody Vegetation Parameter
Species Richness
Stem Density (stems/ha)
SAG (m2/ha)

Growing Season

Dormant Season

mean

SE

mean

SE

8.05

1.12

8.10

1.12

617.57

147.66

612.36

116.49

3.12

1.08

3.44

1.13
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Figures

Figure 1. We sampled restored wetlands (n = 40) across four ecoregions in West Virginia, USA.
Restored wetlands varied from 1 to 29 years since restoration at the time of field sampling in
2021 (mean ± SE years = 10.3 ± 1.4 years).
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Figure 2. No significant trends were detected for A) Total species Richness, C) Wetland
Indicator Status weighted average, D) Woody Vegetation Floristic Quality Index, E) total stem
density, F) shrub stem density, and G) tree stem density along the chronosequence gradient.
However, B) native species richness and H) log(Stem area at groundline) increased with wetland
age. Data were obtained from growing season sampling in restored wetlands (n = 40) that ranged
from 1 to 29 years old at the time of field sampling in 2021, West Virginia, USA.
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Figure 3. Level III ecoregion influences (A) woody vegetation species richness and (B) woody
vegetation native species richness in restored wetlands, West Virginia, USA. The Ridge and
Valley Ecoregion has the highest species richness and native species richness, followed by the
Central Appalachians. Standard error bars represent 95% confidence intervals. Data are from
growing season field sampling (May – September 2021) in 40 restored wetlands that varied in
the time since restoration from 1 to 29 years, West Virginia, USA.
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Figure 4. Predicted regression model line and confidence interval with raw log(stem area at
groundline) data in restored wetlands in West Virginia, USA. Data from 40 restored wetlands
sampled during the 2021 growing season (May – September) varied in age from 1 to 29 years old
at the time of sampling, West Virginia, USA.
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Figure 5. The relative frequency of woody vegetation diameter ≥ 9.1 cm increased as wetland
site age increased. Data are from growing season field sampling (2021) in 40 restored wetlands
across West Virginia, USA. Restored wetlands varied in the time since restoration from 1 to 29
years at the time of field sampling.
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Figure 6. Level III ecoregion influences the relative frequency of woody vegetation stem
diameter A) 5.1 – 7.0 cm, B) 7.1 – 9.0 cm, and C) ≥ 9.1 cm. Data from growing season field
sampling (2021) in 40 restored wetlands across West Virginia, USA, varied in the time since
restoration from 1 to 29 years.
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Appendices
Appendix A. Extended description of restored wetlands used in this study, West Virginia, USA. Restoration year describes the year
construction and planting were completed at the restoration site. Site year was calculated as the age in years of the site at the time of
field sampling (May – September 2021). Mitigation types include En = enhancement, Es = establishment, R = restoration. Class refers
to Cowardin et al. (1979) wetland classes, including PEM = Palustrine emergent, PSS = Palustrine scrub/shrub, and PFO = Palustrine
forested. The total size describes the wetland area within the project area used for the study, and the number of plots was determined
according to DeBerry's (2018) protocols. Dormant sampling revisits identified the subset of sites revisited during the dormant
sampling season (November – December 2021).

Site Name

Frozen Camp Creek WMA
ILF
Brushy Fork Mitigation BankStonecoal Drainage
Brushy Fork Mitigation Bank Stonecoal drainage headwaters
Hayes Run II Mitigation Bank

Restoration

Site Age

Restoration

Restoration

Year

(years)

Type

Entity

FR

2020

1

En/ Es

In-lieu Fee

BRSC

2020

1

En/ Es

BRSCT

2020

1

En/ Es

HR

2020

1

En/ Es

Site ID

128

Mitigation
Bank
Mitigation
Bank
Mitigation
Bank

Total Size

Number of

(ha)

Plots

PEM

0.76

4

PEM

4.65

10

PEM

1.93

4

PEM

0.84

4

Class

Dormant
Sampling
Revisit
Y

Little Clear Creek South

LCS

2020

1

En/ Es

OX

2020

1

En/ Es

GB

2020

1

Es

Little Clear Creek North ILF

LCN

2019

2

McClintic ILF

MC

2019

Glade Farms Mitigation Bank

GF

Oxbow Mitigation Bank
Greenbottom WMA ILF

Canaan Valley State Park Mill
Run
Kincheloe 2019 Mitigation
Bank
Gandy Creek ILF
Hillcrest WMA ILF - Middle
Fork Tomlinson Run
Hillcrest WMA ILF - North
Fork Tomlinson Run
Hillcrest WMA ILF - South
Fork Tomlinson Run

Mitigation

PEM

2.39

5

PEM

0.37

4

In-lieu Fee

PEM/PSS

4.86

10

En/ Es

In-lieu Fee

PEM/PSS

9.51

19

2

En/ Es

In-lieu Fee

PEM/PSS

3.76

8

Y

2019

2

En/ Es

PEM/PSS

8.32

17

Y

CV

2019

2

Es

PEM

1.42

4

Y

KC

2019

2

R

PEM

0.49

4

GC

2018

3

Es

In-lieu Fee

PEM/PSS

0.36

4

MFT

2016

5

En/ Es

In-lieu Fee

PEM

4.49

9

Y

NFT

2016

5

Es

In-lieu Fee

PEM/PSS

3.33

9

Y

SFT

2016

5

Es

In-lieu Fee

PEM

6.52

13

Y
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Bank
Mitigation
Bank

Mitigation
Bank
Permittee
Responsible
Mitigation
Bank

Bearwallow Mitigation Bank

BW

2019

5

R

KN

2016

5

R/En

DV

2014

7

R

Goodrich Lake - East

GDE

2013

8

En/ Es

Goodrich Lake - West

GDW

2013

8

En/ Es

PLS

2013

8

R

TB

2011

10

En/ Es

BT

2010

11

En

Furnace Run

FN

2010

11

En/ Es

Widmeyer Wetland

WD

2010

11

En/ Es

Mower Tract ASF Strip

MO

2014

7

Es

Kincheloe 2016 Mitigation
Bank
Davis Branch Mitigation Bank

Pleasant Creek WMA DNR
Tygart River Valley
Mitigation Bank

Mower Track Bartow Bench
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Mitigation
Bank
Mitigation
Bank
Mitigation
Bank
Permittee
Responsible
Permittee
Responsible
Permittee
Responsible
Mitigation
Bank
Voluntary U.S.F.S.
Voluntary Non-Profit
Voluntary Non-Profit
Voluntary U.S.F.S.

PEM

2.51

5

Y

PEM

0.61

4

PEM/PSS

3.76

8

PEM/PSS

1.70

4

PEM/PSS

2.54

9

PEM

1.19

4

Y

PEM/PSS

5.79

14

Y

PEM

0.32

4

PEM

0.34

4

PEM

0.30

4

PEM

1.06

4

Y

Y

Y

Queens Monongahela National

QU

2009

12

En/ Es

BAR

2008

13

Es

MR

2008

13

R

Hazelton Cell 2

HZ

2007

14

En

Hazelton Cell 1 DOH

HT

2007

14

En/ Es

PLD

2001

20

En/ Es

EN

2000

21

En/ Es

Forest
Barrackville
Meadow River Mitigation
Bank

Pleasant Creek WMA DOH
Impoundment
Enoch Branch DOH

Blister Swamp Private
Restoration

Voluntary U.S.F.S.
Permittee
Responsible
Mitigation
Bank
Permittee
Responsible
Permittee
Responsible
Permittee
Responsible
Permittee
Responsible

PSS

2.01

4

PEM

0.60

4

PEM

7.72

15

PEM/PSS

0.20

4

PEM/PSS

1.70

8

Y

PEM

4.09

8

Y

PEM/PSS

5.08

11

PEM/PSS

6.09

13

PEM/PSS/PFO

1.66

4

PEM

5.42

11

Y

Voluntary BS

1999

22

En

Private
Landowner

Montrose DOH North

MN

1997

24

En/ Es

Walnut Bottom DOH

WB

1997

24

Es
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Permittee
Responsible
Permittee
Responsible

Y

Triangle Buchannon DOH

BUC

1995

26

En/ Es

Sugar Creek DOH

SUG

1995

26

En/ Es

ST

1992

29

Es

Stauffer’s Marsh Preserve

132

Permittee
Responsible
Permittee
Responsible
NRCS

PEM/PFO

2.53

9

PFO

1.86

4

PEM/PSS

5.97

14

Y

Y

Appendix B. Summary of landscape attributes for restored wetlands (n = 40) across West Virginia, USA. Site ID and additional site
information are available in Appendix A.

Site ID

Elevation

Level III Ecoregion

(meters)

UTM Coordinates
(Zone 17 N)
Norting

Easting

Geology

HUC 8 Watershed
Class

Type

BAR

338

Western Allegheny Plateau

4374418

570650

Upper Monongahela

sedimentary

sandstone

BRSC

325

Western Allegheny Plateau

4340039

568822

West Fork

sedimentary

shale

BRSCT

421

Western Allegheny Plateau

4341362

569994

West Fork

sedimentary

sandstone

BS

1106

Ridge and Valley

4282071

615591

Greenbrier

sedimentary

sandstone

BT

1202

Central Appalachians

4275318

593757

Cheat

sedimentary

sandstone

BUC

430

Western Allegheny Plateau

4317185

568494

Tygart Valley

sedimentary

alluvium

BW

258

Western Allegheny Plateau

4337289

499087

Little Kanawha

sedimentary

sandstone

CV

993

Central Appalachians

4319389

633906

Cheat

sedimentary

limestone

DV

544

Central Appalachians

4188718

476506

Upper Kanawha

sedimentary

sandstone

EN

564

Central Appalachians

4247081

514877

Gauley

sedimentary

sandstone

FN

177

Blue Ridge

4342818

774386

Shenandoah

metamorphic

quartzite

FR

221

Western Allegheny Plateau

4295375

453208

Upper Ohio-Shade

sedimentary

sandstone

GB

165

Western Allegheny Plateau

4271575

389974

Raccoon-Symmes

sedimentary

alluvium

GC

1032

Ridge and Valley

4287521

620042

Cheat

sedimentary

sandstone

GDE

526

Central Appalachians

4196603

488510

Lower New

sedimentary

sandstone

GDW

532

Central Appalachians

4196165

487848

Lower New

sedimentary

sandstone

GF

628

Central Appalachians

4397070

626691

Cheat

sedimentary

sandstone

HR

279

Western Allegheny Plateau

4281340

478439

Little Kanawha

sedimentary

sandstone
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HT

561

Central Appalachians

4390989

625520

Cheat

sedimentary

sandstone

HZ

561

Central Appalachians

4390992

625498

Cheat

sedimentary

sandstone

KC

345

Western Allegheny Plateau

4335804

536314

West Fork

sedimentary

sandstone

KN

338

Western Allegheny Plateau

4335425

536508

West Fork

sedimentary

sandstone

LCN

734

Central Appalachians

4199994

530245

Gauley

sedimentary

alluvium

LCS

733

Central Appalachians

4199255

530361

Gauley

sedimentary

alluvium

MC

182

Western Allegheny Plateau

4309675

406320

Upper Ohio-Shade

sedimentary

alluvium

MFT

323

Western Allegheny Plateau

4488786

539046

Upper Ohio

sedimentary

shale

MN

596

Ridge and Valley

4321784

602617

Tygart Valley

sedimentary

alluvium

MO

1215

Central Appalachians

4273739

593470

Cheat

sedimentary

sandstone

MR

733

Central Appalachians

4198243

528772

Gauley

sedimentary

alluvium

NFT

309

Western Allegheny Plateau

4490968

538471

Upper Ohio

sedimentary

shale

OX

196

Western Allegheny Plateau

4327552

480880

Little Kanawha

sedimentary

sandstone

PLD

345

Western Allegheny Plateau

4344406

581977

Tygart Valley

sedimentary

shale

PLS

346

Western Allegheny Plateau

4344513

581941

Tygart Valley

sedimentary

shale

QU

553

Ridge and Valley

4320020

611582

Cheat

sedimentary

shale

SFT

321

Western Allegheny Plateau

4488554

540456

Upper Ohio

sedimentary

shale

ST

147

Ridge and Valley

4368482

746416

Conococheague-Opequon

sedimentary

alluvium

SUG

479

Central Appalachians

4328455

591849

Tygart Valley

sedimentary

shale

TB

587

Ridge and Valley

4306907

597422

Tygart Valley

sedimentary

alluvium

WB

293

Ridge and Valley

4334560

674160

South Branch Potomac

sedimentary

shale

WD

196

Ridge and Valley

4388326

737265

Conococheague-Opequon

sedimentary

shale
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Appendix C. Model results for generalized linear regression of woody vegetation indicators for 40 restored wetlands along a
chronosequence gradient (1 – 29 years) in West Virginia, USA, during the growing season (May – September) sampling 2021.
Predictor values include site age (years), level III ecoregions (CA = Central Appalachians; RV = Ridge and Valley; WA = Western
Allegheny Plateau), and soil compaction values at each incremental depth (cm). The direction of effect is indicated by + (positive) or –
(negative) values based on the coefficient estimate. Significance is denoted by ** where p < 0.05. Due to multicollinearity among soil
compaction readings at different depths, we consolidated soil compaction into one metric as the average across all depths for each site.

Vegetation Indicator

Site Age

Ecoregion
CA

Soil Compaction

RV

WA

7.6

15.2

22.8

30.4

38

Species Richness

– **

+ **

+ **

+

– **

+ **

– **

+

+

Native Species Richness

– **

+ **

+ **

+

– **

+ **

– **

+

+

WIS Weighted Average

+

+

+

+

+

–

+

–

+

– **

+

+

+

–

+ **

– **

+

+

Total Stem Density
(stems/ha)

–

+

+

+

–

+

+

–

+

Shrub Density (stems/ha)

–

+

+

+

–

+

+

+

–

Tree Density (stems/ha)

–

–

+

+

+

+

+

–

+ **

+ **

+

+

+

– **

+ **

–

– **

+ **

Abundance Weighted FQI

SAG (m2/ha)
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Appendix D. Exploratory stem area at groundline non-linear regression analysis. Data were obtained from field sampling during the
growing season (May – September) 2021 in 40 restored wetlands in West Virginia, USA.
We further investigated stem area at groundline (SAG) development using nonlinear regression analysis and model fitting to
determine the most appropriate growth trajectory. We selected nonlinear regression models that commonly describe plant growth
(Paine et al. 2012) and include a polynomial, three-parameter logistic model, four-parameter logistic model, three-parameter
Gompertz curve, and a three-parameter model previously used to assess SAG development (Hudson and Perry 2018). We evaluated
top models using Akaike’s Information Criteria (AICc) and residual standard errors (RSE), where the best fit model had the lowest
AICc and smaller RSE (Burnham and Anderson 2002). We used the drm function in the 'drc' package and the nls function in the 'stats'
package to fit non-linear models. We used the AIC function to compare AICc across all models (R Core Team 2022).
Although there is a strong linear correlation between wetland site age and SAG, the predicted fit of the linear model severally
underestimates SAG in the first 5 years following restoration. It overestimates SAG after the 5-year mark, suggesting a non-linear
relationship between SAG and wetland site age. In addition, the fitted linear model failed model assumptions, including normally
distributed residuals and homoscedasticity. We further investigated the SAG restoration trajectory using non-linear regression
analysis. Model fitting revealed that the four-parameter logistic model had the lowest AIC score and residual standard error. The fourparameter logistic model showed SAG had a delayed growth period with minimal increases the first 15 years after restoration,
followed by a slow rise from years 15 – 20, and then an exponential increase after 20 years (Figure 4).
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The four-parameter logistic model inherently has a looser structure comparatively and, therefore, can increase the variance
explained by the model (Paine et al. 2011). This non-linear curve exhibits minimal growth in the first 15 years after restoration,
followed by slow growth in years 16 – 20, and then rapid growth after 20 years. In this study, SAG did not reach a period of
stabilization within the 30-year chronosequence, limiting asymptotic non-linear model application. Whereas many ecological
processes are grounded in resource-limited environments that cause asymptotic growth, tree girth can accumulate indefinitely as trees
age (Sillett et al. 2010). Applying asymptotic growth curves for woody vegetation is continuously questioned (Thomas 2002;
Bontemps and Duplat 2012). Comparing model fit across multiple non-linear models can help describe the nature of the dataset rather
than relying on one model for strict interpretation and parameters.
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Non-linear regression model results for stem area at groundline (SAG). Data from growing season (May – September) field sampling
in 2021 from 40 restored wetlands across West Virginia, USA, varied in age from 1 to 29 years old. Models include 1) Simple Linear
Regression, 2) Polynomial, 3) Three-Parameter Logistic with lower limit 0, 4) Three-Parameter Hudson and Perry (2018), 5) ThreeParameter Gompertz, and 6) Four-Parameter Logistic.
Equation

Model
No.
1
2
3

Model Structure

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐵𝐵1 × 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐵𝐵𝑜𝑜

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐵𝐵1 × 𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐵𝐵2 × 𝐴𝐴𝐴𝐴𝐴𝐴 2 + 𝐵𝐵𝑜𝑜
𝑆𝑆𝑆𝑆𝑆𝑆 = 0 +

𝑑𝑑 − 0
1 + exp (𝑏𝑏(log (𝐴𝐴𝐴𝐴𝐴𝐴) − 𝑒𝑒))

𝜙𝜙1
−𝐴𝐴𝐴𝐴𝐴𝐴 − 𝜙𝜙2
1 + exp[
]
𝜙𝜙3

4

𝑆𝑆𝑆𝑆𝑆𝑆 =

5

𝑆𝑆𝑆𝑆𝑆𝑆 = 0 +

6

a

𝑆𝑆𝑆𝑆𝑆𝑆 = 𝑐𝑐 +

𝑑𝑑 − 0
1 + exp (𝑏𝑏(log (𝐴𝐴𝐴𝐴𝐴𝐴) − log (𝑒𝑒)))

𝑑𝑑 − 𝑐𝑐
1 + exp (𝑏𝑏(log (𝐴𝐴𝐴𝐴𝐴𝐴) − log (𝑒𝑒)

𝑚𝑚2
𝑌𝑌 = 𝑆𝑆𝑆𝑆𝑆𝑆 ( )
ℎ𝑎𝑎

= (0.2639 × 𝐴𝐴𝐴𝐴𝐴𝐴) + 0.0806

= −0.2671 × 𝐴𝐴𝐴𝐴𝐴𝐴 + 0.0193 × 𝐴𝐴𝐴𝐴𝐴𝐴 + 1.9623

= 0+

619.3780 − 0
1 + exp (−6.9900(log (𝐴𝐴𝐴𝐴𝐴𝐴) − 49.4231))
=

=0+

1.3471
−𝐴𝐴𝐴𝐴𝐴𝐴 − 0.2694
1 + exp[
]
0.8419

1193.6431 − 0
1 + exp (−0.0498(log (𝐴𝐴𝐴𝐴𝐴𝐴) − log (58.8266)))

= 1.0880 +

971.0660 − 1.0880
1 + exp (−8.7048(log (𝐴𝐴𝐴𝐴𝐴𝐴) − log (47.2328)

Kb

AICc

Δic

wid

RSEe

2

201.73

16.16

0.00

3.055

4

195.43

9.85

0.01

2.784

4

195.72

10.15

0.01

2.7947

2

213.57

28.00

0.00

3.6

4

195.81

10.24

0.01

2.8000

5

185.57

0.00

0.98

2.4257

Model Parameters.
𝑆𝑆𝑆𝑆𝑆𝑆 = Stem area at groundline (m2/ha); 𝐴𝐴𝐴𝐴𝐴𝐴 = wetland age in years at the time of field sampling (2021); 𝐵𝐵1 = slope of fitted line; 𝐵𝐵𝑜𝑜 = the intercept of
the dependent axis, 𝑏𝑏 = slope parameter; 𝑐𝑐 = the point of inflection; 𝑑𝑑 = the maximum value that can be obtained; 𝑒𝑒 = logarithm of half the maximum
asymptote; 𝜙𝜙1 = asymptotic height; 𝜙𝜙2 = half the asymptotic height; 𝜙𝜙3 = 5/8th the asymptotic height
b
K = number of estimable parameters.
c
Δi = |AICc lowest – AIC ci| for the ith model in comparison.
d
wi = Akaike weights.
e
RSE = residual standard error
a
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Non-linear regression models fit to woody vegetation stem area at groundline in restored
wetlands in West Virginia, USA. The Four Parameter Logistic model (yellow regression line)
had the best model fit according to the AICc and residual standard error. Data were obtained
from 40 restored wetlands sampled during the 2021 growing season (May – September) that
varied in age from 1 to 29 years old at the time of sampling, West Virginia, USA.
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Non-linear regression model fit for stem area at groundline data along the chronosequence
gradient. Data were obtained from field sampling during the growing season (May – September)
2021 in 40 restored wetlands in West Virginia, USA. Non-linear models include A) Simple
Linear Regression, B) Polynomial, C) Three-Parameter Logistic, D) Four-Parameter Logistic, E)
Three-Parameter Hudson and Perry (2018), F) Three-Parameter Gompertz.
A)

B)
140

C)
141

D)
142

E)
143

F)
144

145

Appendix E. Extended description of woody vegetation species documented in 40 restored wetlands across West Virginia, USA. Data
were obtained from the West Virginia Department of Environmental Protection database. Origin describes native vs. non-native, CoC
is the Coefficient of Conservatism, WIS is the wetland indicator status, and mature life form describes tree, shrub, or vine (WVDEP
2022).
Species ID

Scientific Name

Common Name

Family

Origin

CoC

WIS

Mature Life
Form

ABBA

Abies balsamea

balsam fir

Pinaceae

native

9

2

tree

ACNEN

Acer negundo var. negundo

boxelder

Aceraceae

native

2

3

tree

ACRU

Acer rubrum

red maple

Aceraceae

native

3

3

tree

ACSA2

Acer saccharinum

silver maple

Aceraceae

native

5

2

tree

ALINR

Alnus incana ssp. rugosa

speckled alder

Betulaceae

native

7

2

shrub

ALSE2

Alnus serrulata

smooth alder

Betulaceae

native

5

1

shrub

AMLA

Amelanchier laevis

Allegheny serviceberry

Rosaceae

native

7

3

tree

AMSAS

Amelanchier sanguinea var. sanguinea

roundleaf serviceberry

Rosaceae

native

8

5

shrub

AMFR

Amorpha fruticosa

tall indigobush

Fabaceae

native

6

2

shrub

ARAR7

Aronia arbutifolia

red chokeberry

Rosaceae

native

7

2

shrub

ARME6

Aronia melanocarpa

black chokeberry

Rosaceae

native

7

3

shrub

BENI

Betula nigra

river birch

Betulaceae

native

5

2

tree

CAGL8

Carya glabra

pignut hickory

Juglandaceae

native

6

4

tree

CEOR

Celastrus orbiculata

Asian bittersweet

Celastraceae

non-native

0

5

vine

CEOC2

Cephalanthus occidentalis

common buttonbush

Rubiaceae

native

7

1

shrub

CECAC

Cercis canadensis var. canadensis

eastern redbud

Fabaceae

native

5

4

tree
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COAM2

Cornus amomum

silky dogwood

Cornaceae

native

5

2

shrub

CRCR2

Crataegus crus-galli

cockspur haw

Rosaceae

native

5

4

tree

DIVI5

Diospyros virginiana

eastern persimmon

Ebenaceae

native

5

3

tree

ELUMP

Elaeagnus umbellata var. parvifolia

autumn olive

Elaeagnaceae

non-native

0

4

shrub

FRAM2

Fraxinus americana

white ash

Oleaceae

native

5

4

tree

FRPE

Fraxinus pennsylvanica

green ash

Oleaceae

native

6

2

tree

HYDE

Hypericum densiflorum

bushy St. Johnswort

Clusiaceae

native

6

2

shrub

HYPE

Hypericum perforatum

common St. Johnswort

Clusiaceae

non-native

0

3

forb

ILVE

Ilex verticillata

common winterberry

Aquifoliaceae

native

6

2

shrub

LALA

Larix laricina

tamarack

Pinaceae

native

10

2

tree

LIBE3

Lindera benzoin

northern spicebush

Lauraceae

native

5

3

shrub

LIST2

Liquidambar styraciflua

sweetgum

Hamamelidaceae

native

5

3

tree

LITU

Liriodendron tulipifera

tuliptree

Magnoliaceae

native

5

4

tree

LOMO2

Lonicera morrowii

morrows honeysuckle

Caprifoliaceae

non-native

0

4

shrub

NYSY

Nyssa sylvatica

blackgum

Cornaceae

native

6

3

tree

OXAR

Oxydendrum arboreum

sourwood

Ericaceae

native

5

5

tree

PHOPO

Physocarpus opulifolius var. opulifolius

common ninebark

Rosaceae

native

6

2

shrub

PIRU

Picea rubens

red spruce

Pinaceae

native

8

3

tree

PIST

Pinus strobus

eastern white pine

Pinaceae

native

6

4

tree

PLOC

Platanus occidentalis

sycamore

Platanaceae

native

5

2

tree

PODED

Populus deltoides ssp. deltoides

eastern cottonwood

Salicaceae

native

4

3

tree

POGR4

Populus grandidentata

bigtooth aspen

Salicaceae

native

4

4

tree

POTR5

Populus tremuloides

quaking aspen

Salicaceae

native

4

2

tree

PRSES

Prunus serotina var. serotina

black cherry

Rosaceae

native

3

3

tree
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QUAL

Quercus alba

white oak

Fagaceae

native

5

4

tree

QUBI

Quercus bicolor

swamp white oak

Fagaceae

native

8

2

tree

QUPA2

Quercus palustris

pin oak

Fagaceae

native

5

2

tree

QUPH

Quercus phellos

willow oak

Fagaceae

native

4

3

tree

QUPR2

Quercus prinus

chestnut oak

Fagaceae

native

6

5

tree

RHAL

Rhamnus alnifolia

alderleaf buckthorn

Rhamnaceae

native

9

1

shrub

RHCO

Rhus copallinum

winged sumac

Anacardiaceae

native

3

4

shrub

ROPS

Robinia pseudoacacia

black locust

Fabaceae

native

2

4

tree

ROMU

Rosa multiflora

multiflora rose

Rosaceae

non-native

0

3

shrub

ROPA

Rosa palustris

swamp rose

Rosaceae

native

6

1

shrub

SAAL2

Salix alba

white willow

Salicaceae

non-native

0

2

tree

SANI

Salix nigra

black willow

Salicaceae

native

2

2

tree

SASE

Salix sericea

silky willow

Salicaceae

native

5

1

shrub

SANIC4

Sambucus nigra ssp. canadensis

black elderberry

Caprifoliaceae

native

4

3

shrub

SPAL2

Spiraea alba

white meadowsweet

Rosaceae

native

5

2

shrub

SPTO2

Spiraea tomentosa

steeplebush

Rosaceae

native

4

2

shrub

ULAM

Ulmus americana

American elm

Ulmaceae

native

5

2

tree

VIDED4

Viburnum dentatum var. dentatum

southern arrowwood

Caprifoliaceae

native

6

3

shrub

VIPR

Viburnum prunifolium

smooth blackhaw

Caprifoliaceae

native

5

4

shrub

VIRE7

Viburnum recognitum

northern arrow-wood

Caprifoliaceae

native

5

3

shrub
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Appendix F. Woody vegetation community characteristics summarized for 40 restored wetlands across West Virginia, USA. Woody
vegetation characteristics include species richness, native species richness, weighted average (abundance weight WIS), abundance
weighted floristic quality index (FQI), total stem density (stems/ha), shrub density (stems/ha), tree density (shrubs/ha) and stem area at
groundline (m2/ha). Site ID and additional site information are available in Appendix A.

Native
Abundance
Weighted
Species
Weighted
Average
Richness
FQI

Total
Shrub
Tree
Stem
SAG
Density
Density
Density
(m2/ha)
(stems/ha) (stems/ha)
(stems/ha)

Site

Site
Age
(years)

Species
Richness

BRSC

1

6

6

1.43

78.38

189.07

100.19

88.88

0.751

BRSCT

1

5

5

1.70

67.08

113.12

43.09

70.03

0.284

FR

1

14

11

0.00

220.76

202.00

143.42

58.58

0.120

GB

1

9

9

1.95

120.00

519.81

83.49

436.32

0.326

HR

1

7

7

2.26

87.31

456.52

20.20

436.32

0.024

LCS

1

6

6

1.59

75.93

87.26

77.57

9.70

0.016

BW

2

5

5

2.06

42.49

363.60

0.00

363.60

0.214

CV

2

2

2

2.07

16.97

133.32

133.32

0.00

0.055

GF

2

14

13

1.80

246.95

3112.23

3059.94

52.28

3.627

KC

2

6

4

2.00

46.54

307.04

40.40

266.64

1.725

LCN

2

14

12

2.45

217.02

846.48

405.54

440.94

5.922

MC

2

11

10

1.96

135.98

565.60

101.00

464.60

0.407
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GC

3

7

6

2.07

79.37

2941.12

2876.48

64.64

0.477

KN

5

5

4

1.82

42.49

347.44

101.00

246.44

3.320

MFT

5

9

7

2.67

108.00

434.30

404.00

30.30

0.582

NFT

5

7

6

1.88

74.08

448.89

425.55

23.34

1.075

SFT

5

4

3

1.49

28.00

682.76

682.76

0.00

1.822

DV

6

6

6

1.81

71.04

385.82

44.44

341.38

6.563

MO

7

5

5

1.50

62.61

404.00

347.44

56.56

0.270

GDE

8

5

4

1.35

35.78

355.52

323.20

32.32

0.382

GDW

8

12

11

2.80

173.21

996.53

671.54

325.00

1.778

PLS

8

7

5

2.15

47.62

1175.64

129.28

1046.36

2.812

TB

10

17

14

1.96

296.86

500.96

262.02

238.94

3.904

BT

11

7

7

2.13

95.25

156.21

102.35

53.87

0.036

FN

11

1

1

2.00

2.00

185.84

0.00

185.84

2.156

WD

11

12

10

2.37

183.60

246.44

105.04

141.40

0.874

QU

12

11

9

2.00

159.20

4573.28

4573.28

0.00

4.330

BAR

13

6

4

2.44

39.19

1886.68

1470.56

416.12

0.714

MR

13

19

17

2.61

392.30

592.53

363.06

229.47

1.334

HT

14

7

6

1.72

89.96

1189.78

1189.78

0.00

3.475

HZ

14

4

4

2.00

32.00

270.68

242.40

28.28

0.439

PLD

20

3

3

1.74

24.25

115.81

80.80

35.01

2.647

BS

22

8

7

1.76

132.94

2154.67

2133.12

21.55

5.050
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EN

24

6

6

1.16

63.69

2124.31

2118.43

5.88

5.214

WB

24

2

2

1.33

12.73

53.87

48.48

5.39

0.892

MN

26

4

4

1.60

38.00

1381.68

1106.96

274.72

7.282

SUG

26

6

5

2.21

53.89

1502.88

1470.56

32.32

4.343

BUC

29

10

6

2.56

85.38

433.63

382.45

51.17

21.233

ST

29

9

9

1.62

129.00

653.75

587.64

66.11

8.799
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Appendix G. Added variable plots for vegetation indicators A) Species richness, B) Native species richness, C) Wetland indicator
status weighted average (WIS), D) Woody vegetation floristic quality index (FQI), E) Total stem density (stems/ha), F) Shrub density
(stems/ha), G) tree density (stems/ha), and H) Stem area at groundline (m2/ha). Added variable plots show the relationship between the
response and predictor variables, where all other variables in the model are constant. Predictor variables include Site Age (wetland site
age in years at the time of field sampling in 2021), Level III Ecoregion (Central Appalachians, Ridge and Valley, Western Allegheny
Plateau), and site averaged soil compaction reading. Data were obtained from growing season sampling (May – September 2021) in
restored wetlands (n = 40) in West Virginia, USA.
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Appendix H. Soil compaction results summarized at incremental depths (7.6, 15.2, 22.8, 30.4, and 38 cm) averaged across all plots for
each restored wetland (n = 40) in West Virginia, USA. Bold text indicates values above the "good" threshold (1 – 1380 kPa), meaning
soil was more compacted. Data were obtained from growing season field sampling (May – September 2021) using a manual, portable
cone soil compaction tester (Dickey-John Corporation, Auburn, Illinois, USA).

Site ID

Soil Compaction (kPa)
7.6 cm

15.2 cm

22.8 cm

30.4 cm

38 cm

BAR

655.00

732.57

810.13

856.10

884.83

BRSC

697.52

771.06

836.56

889.42

BRSCT

1085.92

1229.57

1330.11

BS

669.15

812.34

BT

1626.01

BUC

Site ID

Soil Compaction (kPa)
7.6 cm

15.2 cm

22.8 cm

30.4 cm

38 cm

KC

858.97

999.74

1129.02

1200.84

1258.29

936.54

KN

950.90

1126.14

1269.78

1335.86

1361.72

1358.84

1358.84

LCN

710.16

825.07

939.99

1047.43

1272.08

925.49

988.25

1015.65

LCS

591.80

689.48

818.75

904.94

968.14

1723.69

1723.69

1723.69

1723.69

MC

1054.32

1210.89

1287.02

1310.00

1327.24

688.04

998.30

1236.75

1400.50

1598.72

MFT

643.51

739.27

831.20

877.17

915.47

BW

781.41

962.39

1120.40

1206.58

1246.80

MN

577.44

683.73

790.02

907.81

1019.85

CV

838.86

956.65

1051.45

1149.13

1197.96

MO

853.23

1223.82

1585.79

1643.25

1723.69

DV

725.39

804.39

886.26

926.48

975.32

MR

733.91

866.44

982.12

1100.86

1169.04

EN

617.39

758.42

889.01

998.70

1074.96

NFT

695.22

861.85

962.97

1062.94

1111.21

FN

669.37

744.06

764.17

792.90

824.50

PLD

682.29

881.95

1051.45

1182.16

1291.33

FR

883.39

1129.02

1327.24

1486.68

1568.56

PLS

611.91

712.46

833.12

968.14

1163.49

GB

878.26

1047.35

1157.33

1229.57

1259.11

QU

715.33

824.50

925.05

976.76

988.25

GC

856.10

1002.61

1183.60

1272.66

1376.08

SFT

733.67

944.94

1093.44

1186.25

1235.75

GDE

686.60

781.41

844.61

890.57

904.94

ST

695.66

847.70

989.13

1110.23

1181.83

GDW

953.78

1183.60

1341.92

1465.77

1524.51

SUG

652.13

801.52

948.03

1083.05

1174.98

GF

677.31

877.39

1068.69

1217.40

1343.80

TB

660.75

846.25

1030.11

1223.82

1347.76

HR

1324.37

1545.58

1651.87

1666.23

1666.23

WB

1326.72

1478.19

1595.20

1667.28

1692.35

HT

583.18

696.66

801.52

969.58

1104.60

WD

649.26

741.19

818.75

864.72

910.68

HZ

565.94

660.75

835.99

973.88

1126.14
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Appendix I. Relative frequency of woody vegetation diameter size classes in restored wetlands in
West Virginia, USA, along a chronosequence gradient (1 – 29 years). Linear regression analysis
shows the relative frequency of woody vegetation diameters ≥ 9.1 cm increases as wetland site
age increased (Panel I). There was no significant difference in size class along the
chronosequence gradient for A) 0 – 0.5 cm, B) 0.51 – 1.0 cm, C) 1.1 – 2.0 cm, D) 2.1 – 3.0 cm,
E) 3.1 – 4.0 cm, F) 4.1 – 5.0 cm, G) 5.1 – 7.0 cm, and H) 7.1 – 9.0 cm. Data obtained from field
sampling of 40 restored wetlands May – September 2021.

Appendix J. Comparison of woody vegetation summary statistics from the growing (May –
September 2021) and dormant (November – December 2021) season sampling at 20 restored
wetlands across West Virginia, USA. Woody vegetation characteristics include species richness,
total stem density (stems/ha), and stem area at the groundline (m2/ha). Site ID and additional site
information are available in Appendix A.
Dormant Season

Growing Season

Site

Species
Richness

Total Stem
Density (stems/ha)

SAG
(m2/ha)

Species
Richness

Total Stem
Density (stems/ha)

SAG
(m2/ha)

BUC

10

519.81

22.150

10

444.40

21.233

BW

5

367.64

0.309

5

363.60

0.214

CV

2

129.28

0.075

2

133.32

0.055

DV

6

389.86

5.489

6

385.82

6.563

FN

2

412.08

3.633

1

185.84

2.156

FR

7

88.88

0.044

12

222.20

0.120

GB

9

597.92

0.358

9

519.81

0.326

GF

13

2369.06

2.812

14

3112.23

3.627

HT

7

985.76

2.883

7

1189.78

3.475

MC

11

391.88

0.757

11

565.60

0.407

MFT

9

454.50

0.935

9

434.30

0.582

MO

7

529.24

0.506

5

404.00

0.270

MR

22

581.76

1.715

19

592.53

1.334

NFT

7

488.03

1.486

7

448.89

1.075

PLD

3

153.52

2.762

3

115.81

2.647

PLS

7

1353.40

7.450

7

1175.64

2.812

SFT

4

670.64

1.888

4

682.76

1.822

ST

9

877.05

9.371

9

653.75

8.799

TB

20

816.81

3.418

17

667.18

3.904

WB

2

70.03

0.831

2

53.87

0.892
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Appendix K. Study Site Descriptions.
We selected 40 restored wetlands distributed across West Virginia, USA, as study sites
for woody vegetation field sampling. Wetlands varied in age (time since restoration) from 1 to 29
years old. Our collection of study sites represents the diversity of conditions in restored wetlands
across the state. The description of each study site below synthesizes available information from
other West Virginia University studies (Balcombe 2003; Copen 2004; Gingerich 2010; Strain
2014; Clipp et al. 2017; and Noe 2022), West Virginia Department of Environmental Protection
(WVDEP) database, restoration project files (monitoring reports and mitigation plans), and
personal communications with project managers during field sampling coordination.
Barrackville
The Barrackville wetland is in Marion County, WV (Figure 1). The wetland sits high up
in a mountain hollow surrounded by forested ridges with an active surface mine located in the
adjacent drainage. Initial restoration in 2008 created an open water pond habitat, and in 2017, the
water level was lowered, and the wetland was re-seeded (WVDEP 2022). The site now supports
a permanently flooded palustrine aquatic bed (PAB), surrounded by palustrine emergent (PEM)
habitat. A small, elevated island of upland habitat is found within the PEM habitat.
Bearwallow Mitigation Bank
The Bearwallow Mitigation Bank is in Ritchie County, WV (Figure 2). The bank
includes stream restoration on Indian Creek, unnamed tributaries of Indian Creek, and 2.5
hectares of wetland creation and enhancement within the floodplain (Figure 2). Previous
agriculture and timbering practices degraded the stream and floodplain wetlands. Mitigation was
completed in 2019, and the site was revegetated using herbaceous seed mixes, live stakes, bare
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root seedlings, and containerized trees installed at a rate of 420 stems per acre. Planted species
include river birch (Betula nigra), red maple (Acer rubrum), American sycamore (Platanus
occidentalis), black willow (Salix nigra), and swamp white oak (Quercus bicolor). The wetland
is primarily PEM, with some mature woody individuals present before restoration. The Year 3
Monitoring Report shows the site meets the vegetative performance standards, including percent
aerial cover, less than 10% invasive species, stem density at 320 stems per acre, and woody
vegetation diameter at breast height measurements.
Blister Swamp Private Restoration
The Blister Swamp is a high-elevation wetland located in the headwaters of the
Greenbrier River in Pocahontas County, WV (Figure 3). The historic wetland area was clear-cut
in 1905 and used for agricultural purposes until restoration efforts began in 1999 (Dalen 2000).
While the private landowners initiated restoration efforts to resurrect historic rare flora and
fauna, The Nature Conservancy and The Mountain Institute helped with implementation (Dalen
2000). Before restoration, cattle's agricultural impacts heavily impacted the former wetland, and
98% of the vegetative community was non-native species (personnel communication).
Restoration efforts constructed a wildlife and cattle exclusion fence and planted caged balsam fir
(Abies balsamea). Outside the balsam fir plantings, the natural seed bank dictated wetland
revegetation. Now, the wetland supports PEM, palustrine shrub scrub (PSS), and open water
PAB habitat, providing critical habitat for numerous flora and faunal species (WVDEP 2022).
Brushy Fork Mitigation Bank - Stonecoal Headwaters
The Brushy Fork Mitigation Bank site is in Harrison County, WV (Figure 4). Legacy coal
mining, agricultural activities, roads, timbering, and gas infrastructure previously impacted the
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area. The restoration was completed in 2020 to revive degraded streams and floodplain wetlands.
The bank includes three hydrologically separate project areas: Stonecoal drainage, Stonecoal
headwaters, and Glade Run. The restored wetlands in Glade Run were too small to sample and
therefore were excluded from this study.
The Stonecoal Headwaters site includes the extreme headwaters of the Stonecoal
drainage and has two excavated depressions (Figure 4). There is no stream surface water in the
proximity of the wetland, so groundwater and precipitation are the primary hydrologic inputs.
The basins were planted with woody vegetation as the primary method of revegetation. A list of
planted woody vegetation species could not be recovered.
Brushy Fork Mitigation Bank- Stonecoal Drainage
The Stonecoal Run drainage is part of the Brushy Fork Mitigation Bank and includes 4.7
hectares of created wetland depressional areas within the floodplain of Stonecoal Run (Figure 5).
The wetlands are primarily excavated depressional sites designed to intercept the groundwater
table and receive overbank flooding from Stonecoal Run. The wetlands and adjacent floodplains
were revegetation with planted woody vegetation. According to the Year 1 Monitoring Report,
the site did not achieve woody vegetation density requirements, but some volunteer species were
detected. A list of planted woody vegetation species could not be recovered.
Canaan Valley State Park Mill Run
The Mill Run mitigation project is in Tucker County, WV, in Canaan Valley State Park
(Figure 6). The wetland is part of the Canaan Valley wetland complex, one of the largest in the
state. The Canaan Valley wetland complex was severely impacted by logging and railroads, but
Young et al. (2020) suggest the wetland communities are reorganizing to pre-disturbance
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conditions 100 years later. Within Canaan Valley State Park, the Mill Run restoration efforts
began in 2015 to construct four open water ponds, but the project failed to satisfy performance
standard requirements. An adaptive management plan was resubmitted to convert the open water
ponds to scrub-shrub wetlands; the soil was re-added to the excavated ponds, berms were
lowered between the ponds, and the edges of the ponds were re-graded to create a more
contiguous wetland habitat. In addition, the site was replanted with native shrubs and seeded
with a native wetland seed mix in 2019. While the wetlands are dominated by common rush
(Juncus effusus), woody species are present and protected in cages. Species include a
combination of planted and volunteers, such as common buttonbush (Cephalanthus
occidentalis), red-osier dogwood (Cornus sericea), black chokeberry (Aronia melanocarpa),
brushy St. John’s Wort (Hypericum densiflorum), northern arrowwood (Viburnum recognitum),
black willow, black elderberry (Sambucus nigra), speckled alder (Alnus incana subsp. Rugosa),
sweet birch (Betula lenta), red spruce (Picea rubens), and hawthorn (Crataegus spp.), according
to the Year 1 Monitoring Report.
Davis Branch Mitigation Bank
Davis Branch Mitigation Bank is in Raleigh County, WV (Figure 7). The bank is a
stream and wetland mitigation project located on private property. The site was restored by
EBX-EM, LLC (later incorporated into Resource Environmental Solutions, LLC). The wetland
and stream complex were heavily degraded from former agricultural and timbering actions.
Restoration actions were completed in 2015, including cattle exclusion, stream stabilization,
invasive species treatment, and vegetation establishment. In the Year 5 Monitoring Report, the
site exceeded vegetative performance standards, including woody vegetation stem density
requirements. In the report, observed planted species include river birch, common buttonbush,
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eastern redbud (Cercis canadensis), silky dogwood (Cornus amomum), American hazelnut
(Corylus americana), black willow, arrowwood viburnum (Viburnum dentatum), pin oak
(Quercus palustris), and northern spicebush (Lindera benzoin). Volunteer species included
American beech (Fagus grandifolia), smooth alder (Alnus serrulata), and tuliptree (Liriodendron
tulipifera).
Enoch Branch DOH
The Enoch Branch wetland is in Nicholas County, WV (Figure 8). The West Virginia
Department of Highways (WVDOH) constructed the wetland in 1997 to offset impacts
encountered during the construction of U.S. Route 19 (Balcombe 2003). Enoch Branch runs
through the wetland and supports mixed habitat types adjacent to either side of the stream
(WVDEP 2022). PEM habitat primarily borders the stream, with PSS habitat extending to the
wetland boundaries. A list of planted woody vegetation species could not be recovered, but
previous studies note the presence of smooth alder (Balcombe 2003; Strain 2014). Previous West
Virginia University studies include Balcombe (2003), Gingerich (2010), Strain (2014), and Noe
(2022).
Frozen Camp Creek WMA ILF
The Frozen Camp Creek In-Lieu Fee (ILF) is in Jackson County, WV (Figure 9). The site
is a stream and wetland site located in the Frozen Camp Creek Wildlife Management Area.
Historically, agriculture and timbering degraded the stream (Left Fork Frozen Camp Creek) and
the adjacent wetlands and floodplains. Before restoration, the stream cut straight through the
wide floodplain. After restoration, the stream gently meanders, and the stream banks are
revegetated with native species. Woody vegetation was planted in 2020 and includes smoother
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alder, Allegheny serviceberry (Amelanchier laevis), black chokeberry, American hornbeam
(Carpinus caroliniana), shellbark hickory (Carya laciniosa), common buttonbush, eastern
redbud, silky dogwood, common persimmon (Diospyros virginiana), American witch-hazel
(Hamamelis virginiana), common ninebark (Physocarpus opulifolius), black cherry (Prunus
serotina), pin oak, red-osier dogwood, American elderberry (Sambucus canadensis), coralberry
(Symphoricarpos orbiculatus), arrowwood viburnum, swamp white oak, northern bush
honeysuckle (Diervilla lonicera), and American basswood (Tilia americana).
Furnace Run
Furnace Run is in Jefferson County, WV (Figure 10). The site is a voluntary restoration
project located in Shannondale Springs Wildlife Management Area. Ducks Unlimited completed
the restoration in 2010 (WVDEP 2022). The wetland is in the vast, flat floodplain valley of
Furnace Run and is surrounded by mature forested hillslopes. Restoration details and a list of
planted woody vegetation species could not be recovered.
Gandy Creek ILF
The Gandy Creek ILF site is on private property adjacent to the Monongahela National
Forest in Randolph County, WV (Figure 11). The mitigation project includes stream restoration,
and wetland enhancement and creation, in areas previously impacted by agriculture. The
property is held as a conservation easement by The Nature Conservancy, while Downstream
Strategies completed the restoration work in 2018. The wetlands are two hydrologically distinct
depressional areas within the Gandy Creek floodplain. The restored wetlands were formally
excavated ponds disconnected from Gandy Creek by a levee (WVDEP 2022). During restoration,
the levee was lowered, and now a backchannel carries flood flows to the site (WVDEP 2022).
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Planted woody vegetation species include yellow birch (Betula alleghaniensis), shrubby St.
John’s Wort (Hypericum prolificum), quaking aspen (Populus tremuloides), black cherry,
glaucous willow (Salix discolor), black willow, silky willow (Salix sericea), and sweet viburnum
(Viburnum lentago). According to the Year 2 Monitoring Report, the wetlands are on track to
achieve woody vegetation density requirements.
Glade Farms Mitigation Bank
The Glade Farms Mitigation Bank is in Preston County, WV (Figure 12). The bank site
was constructed in 2019. Historically, the site was used as pasture and ditched in the 1950s. This
site includes much of the headwaters of Fike Run, with numerous groundwater seeps on the
upland-wetland margins. The wetland is a mix of PEM and PSS habitat, with some areas of
palustrine forest in the preservation areas (WVDEP 2022). Planted woody vegetation livestake
species include black willow, silky willow, silky dogwood, common ninebark, and American
elderberry. Planted bare-root species include tamarack (Larix laricina), winterberry (Ilex
verticillata), and red chokeberry (Aronia arbutifolia). Wind-borne seed producers such as red
maple, big-toothed aspen (Populus grandidentata), sugar maple (Acer saccharum), and yellow
birch are expected to volunteer from the surrounding landscape. Noe (2022) studied small
mammal communities in this restored wetland.
Goodrich Lake – East
Goodrich Lake is an artificial impoundment located on the Boy Scout of America Scott
Bechtel Summit Reserve in Fayette County, WV. Two reservoirs, one to the East and one to the
West, form Goodrich Lake and are separated by a land bridge. The two impoundments are part
of the same stream with the West Lake upstream of the East Lake. Wetlands were constructed
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around the perimeter of the lake’s edge. The wetland construction was completed in 2013, and
the site was revegetated from the seed bank and herbaceous seed mixed (personal
communication). The Goodrich Lake East study site includes all the constructed wetlands around
the Eastern impoundment (Figure 13). The created wetland provides numerous educational
resources and outdoor recreational access points via the John Gottschalk Boardwalk &
Causeway.
Goodrich Lake – West
Goodrich Lake West is the upper impoundment of the lake complex located on the Boy
Scout of America Scott Bechtel Summit Reserve (Figure 14). The Goodrich Lake West study
site includes the created wetlands that border the westernmost edge of the lake, where two
unnamed headwater tributaries enter the lake. Before the construction of the impoundment, the
area contained a large beaver dam. After the impoundment was completed, wetlands were
constructed around the lake edges in 2013. Natural wetlands exist upstream of the mitigated
wetlands, out of the vicinity of the lake boundary. A water trail, accessible to non-motorized
boats, snakes through the created wetland and serves as an outdoor classroom for the boy scouts.
Greenbottom WMA ILF
The Greenbottom ILF site is in Cabell County, WV, in the Greenbottom Wildlife
Management Area (Figure 15). The restored wetland is part of a large complex of wetlands
adjacent to the Ohio River and provides important wildlife habitat. The area was formerly
agricultural land. Decota Consulting completed the restoration in 2019, converting the old field
into PAB and PEM habitat, with small relic portions of a buttonbush swamp along the southern
edge. Planted woody vegetation includes black willow, buttonbush, silky dogwood, arrowwood
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viburnum, black elderberry, pawpaw, spicebush, and persimmon. The Year Two Monitoring
Report noted high recruitment of American sycamore and cottonwood (Populus deltoides) in
areas with a lower planted survival rate. Invasive species management is ongoing to combat
small carpetgrass (Arthraxon hispidus) and reed canary grass (Phalaris arundinacea). Noe
(2022) studied small mammal communities in this restored wetland.
Hayes Run II Mitigation Bank
The Hayes Run II Mitigation Bank is in Roane County, WV (Figure 16). The bank site is
a stream and wetland mitigation project along Simmons Fork and the unnamed tributaries of
Simmons Fork. Wetland construction and enhancement areas are located within the floodplain of
Simmons Fork and surrounded by densely forested hillslopes. WV Bunrootis completed
construction in 2020 and planted woody vegetation in wetlands and riparian areas. A total of
18,420 live stakes and 9,038 containerized trees were installed at a rate of 447 stems per acre and
included silky dogwood, red maple, American sycamore, black willow, and white oak (Quercus
alba), as well as other undocumented species. The Year 1 Monitoring Report noted several
volunteer American sycamore seedlings.
Hazelton Cell 1 DOH
The Hazelton Cell 1 is in Preston County, WV (Figure 17). The WVDOH constructed the
site to compensate for impacts encountered during the Mon-Fayette Expressway system project
(Gingerich 2010). In 2007 restoration re-connected Piney Run and Little Sandy Run to wetlands
that were impacted during I-68 construction (WVDEP 2021). The site is primarily PSS, with
some PEM areas and a small open-water pond constructed in the shape of West Virginia
(WVDEP 2022). Implementation details and a list of planted woody vegetation species could not
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be recovered. Previous West Virginia Universities include Gingerich (2010), Strain (2014), and
Noe (2022).
Hazelton Cell 2
The Hazelton Cell 2 is part of the 2007 WVDOH mitigation to re-connect Piney Run and
Little Sandy Creek to wetland complexes (Figure 18). Cell 2 is an excavated pond mainly
dominated by cattails (Typha latifiolia). Still, woody vegetation and PSS habitat are present
around the perimeter and encroaching on the PEM habitat (WVDEP 2022). Implementation
details and a list of planted woody vegetation species could not be recovered.
Hillcrest WMA ILF - Middle Fork Tomlinson Run
The Hillcrest ILF site is in Hancock County, WV, in the Hillcrest Wildlife Management
Area. The project was completed in 2016 and consisted of three areas: North Fork Tomlinson
Run, Middle Fork Tomlinson Run, and South Fork Tomlinson Run, including stream and
wetland mitigation. Historic agricultural use resulted in straightened stream channels and
wetland conversions. Restoration focused on restoring the stream channel's sinuosity, increasing
the floodplains' microtopography, and restoring wetlands. Planted woody vegetation species
include smooth alder, common buttonbush, red-osier dogwood, American elderberry, and
shining willow (Salix lucida).
Middle Fork Tomlinson Run and its adjacent wetlands occur in a broad valley surrounded
by forests and residential areas (Figure 19). The upstream project area supports large beaver
complexes, while the lower reaches had existing small PEM habitat patches before restoration.
Restoration efforts focused on the stream, enhancing floodplain microtopography, invasive
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species management, and woody vegetation plantings. Noe (2022) studied small mammal
communities in this restored wetland.
Hillcrest WMA ILF - North Fork Tomlinson Run
The North Fork Tomlinson Run is in the Hillcrest Wildlife Management Area and is part
of the Hillcrest ILF site (Figure 20). Steep forested slopes border the wetland on all sides.
Restoration actions include wetland rehabilitation and re-establishment by increasing the
microtopography, invasive species management, and planting woody vegetation. According to
Monitoring Reports, the site has heavy colonization of reed canary grass, reducing the number of
woody stems per acre and species diversity. Noe (2022) studied small mammal communities in
this restored wetland.
Hillcrest WMA ILF - South Fork Tomlinson Run
The South Fork Tomlinson Run site is part of the Hillcrest ILF site (Figure 21). The
project restored both stream and wetland complexes. Most of the project area includes wetland
re-establishment. According to the Year 5 Monitoring Report, beavers are actively present in the
downstream project. Significant ponding near the dam heavily favors obligate species, while
other less flood-tolerant vegetative species are negatively affected.
Kincheloe 2016 Mitigation Bank
The Kincheloe Mitigation Bank is in Harrison County, WV. The bank site is a stream and
wetland mitigation project along Kincheloe Creek and unnamed tributaries. The site is impacted
by historical and current agriculture, silviculture, and resource extraction activities. The project
area includes two regions planted in 2016 and 2019. The 2016 site is located along Kincheloe
Creek mainstream (Figure 22). The most continuous wetland areas were selected for field
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sampling and are located near the upper reaches of the project area. According to the Year Four
Monitoring Report, the site was planted with 14,680 live stakes and 17,988 containerized trees
installed at 420 stems per acre. A planted woody vegetation species list could not be recovered.
Kincheloe 2019 Mitigation Bank
The Kincheloe 2019 study area is part of the Kincheloe Mitigation Bank site (Figure 23).
While the bank was constructed in 2019, a supplemental planting of 1,600 native trees and
shrubs on the unnamed tributaries of Kincheloe Creek occurred in 2019. This study area includes
floodplain wetlands on the unnamed tributary of Kincheloe Creek. A woody vegetation planted
species list could not be recovered.
Little Clear Creek North ILF
The Little Clear Creek North ILF site is in Greenbrier County, WV (Figure 24). The site
is in the Meadow River Wildlife Management area and is part of the larger meadow river
wetland complex, one of the most extensive natural wetlands in the state. The entire project area
includes 35 acres of establishment and enhancement mitigation activities. Little Clear Creek
borders the site to the north and a relic channel of Little Clear Creek to the west, but groundwater
is the dominant source of hydrology. The wetland had been degraded due to agriculture, and
restoration actions improved wetland functions. Construction was completed in 2019 by
Resource Environmental Solutions, LLC. Planted woody vegetation species include silver maple,
common buttonbush, swamp rose (Rosa palustris), black willow, and silky willow. Since the site
consists of wetland enhancement areas, extensive pre-restoration vegetation was on site before
restoration. Highly dense stands of silver maple and autumn olive (Elaeagnus umbellata) exist
within the established PSS habitat.
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Little Clear Creek South
The Little Clear Creek South ILF is in Greenbrier County, WV (Figure 25). The site sits
adjacent to Little Clear Creek North but is separated by a fence. In addition, the property is not
part of the Wildlife Management Area and is privately owned and managed by Resource
Environmental Solutions, LLC (RES). The wetland is primarily PEM, with a small area of PSS
on the southern end of the property. RES planted the site in 2020 and actively manages the
wetland for invasive cattails using herbicide spray. All planted woody individuals were protected
using tree tubes. Planted woody vegetation species include silver maple, common buttonbush,
swamp rose, black willow, and silky willow.
McClintic ILF
The McClintic ILF site is in Mason County, WV (Figure 26). The site is in the McClintic
Wildlife Management Area (WMA) and is part of an existing large wetland complex. The site
was previously designated a Superfund Site by the United States Environmental Protection
Agency. The site was developed as a TNT storage facility during World War II. In addition, the
area was a previous solid waste facility for Mason County. Remediation for the previous land
uses has been completed, but some water treatment is still ongoing, according to the Final
Mitigation Plan.
Nonetheless, restoration actions are expected to provide numerous benefits to the
degraded site. Decota Consulting Company, Inc. completed restoration efforts in 2020 to restore
the stream channel (Mill Run), reconnect the stream and floodplains, and create floodplain
wetlands. Planted woody vegetation species include black willow, common buttonbush, silky
dogwood, arrowwood viburnum, common elderberry, Northern spicebush, persimmon, and
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pawpaw. The Year Two Monitoring Report documented volunteer species, including black
elderberry, boxelder (Acer negundo), black walnut (Juglans nigra), hawthorn, tulip poplar, and
red maple. Noe (2022) studied small mammal communities in this restored wetland.
Meadow River Mitigation Bank
The Meadow River Mitigation Bank site is in Greenbrier County, WV (Figure 27). The
site is entirely within the Meadow River Wildlife Management Area and was the first wetland
mitigation bank in the state. Historic land clearing and agricultural activities negatively degraded
the site. Mitigation efforts restored wetland hydrology with clay plugs to block existing ditches,
reduced soil compaction by deep ripping, and revegetation with planted woody vegetation
species. Planted species include silver maple, red chokeberry, common buttonbush, silky
dogwood, green ash (Fraxinus pennsylvanica), winterberry, black tupelo (Nyssa sylvatica), white
oak, swamp white oak, swamp chestnut oak (Quercus michauxii), pin oak, willow oak (Quercus
phellos), black willow, silky willow, and American elderberry. The site achieved all performance
standards in the Year Five Monitoring Report.
Montrose DOH North
The Montrose wetland is in Randolph County, WV (Figure 28). The site was a mitigation
project constructed by the WVDOH to compensate for aquatic impacts from Corridor H
construction. A wooded hillside borders the wetland to the west and US Route 2019 to the east.
Development and agriculture activities degraded Leading Creek and associated floodplains. The
restoration was completed in 1995. While some wetland habitat was present before mitigation
actions, the wetlands were hydrologically disconnected and degraded. Previous wetland
delineations in 2006 noted woody tree and shrub species such as speckled alder, common
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buttonbush, silky dogwood, brushy St. John's Wort, dwarf St. John's Wort (Hypericum mutilum),
American Sycamore, black willow, and northern arrowwood (DOT 2006). Previous West
Virginia University studies include Balcombe (2003), Copen (2004), Gingerich (2010), Strain
(2014), and Noe (2022).
Mower Track Barton Bench
The Mower Track is on the Monongahela National Forest near Cass, West Virginia, in
Randolph County, WV. Historically, the area had been dominated by old-growth red spruce and
red spruce northern hardwood forests (USFS 2016). The area was clear-cut during the Industrial
Logging Era from 1880-1940, and extensive fires plagued the region post-logging (USFS 2016).
By the end of the Industrial Logging Era, the red spruce ecosystem was 10% of its original size
(USFS 2016). In addition, from 1950 to the early 1980s, the Mower Land and Lumber Company
surface mined for coal (USFS 2016). In the 1980s, the area was sold to the US Forest Service
(USFS 2016). The area exhibited heavy soil compaction and was dominated by non-native
species (USFS 2016). In 1987, logging and mining roads were closed and reclaimed (USFS
2016). The Spruce Opportunity Area Analysis NEPA document was completed in 1990 to plan
watershed restoration efforts and road improvement projects (USFS 2016). In 2008, the USFS
and Natural Resource Conservation Service began a new initiative to propagate native species to
the area (USFS 2016). Planted woody vegetation species in wetland areas include quaking and
big-toothed aspen, smooth alder, wild raisin (Viburnum nudum), mountain ash (Sorbus
americana), black cherry, American basswood, cucumber-tree (Magnolia acuminata), hazelnut,
Allegheny serviceberry, arrowwood viburnum, speckled alder, winterberry holly, and willow
species.
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The Mower Tract Barton Bench study site is part of the USFS restoration efforts (Figure
29). Historic surface coal mining and timbering degraded the area, and the site has been stuck in
a state of arrested succession since the 1970s, severely impacting revegetation (USFS 2016). In
2010, the site was deep-ripped, and wetlands were created and revegetated with native woody
and herbaceous species. According to reports, plant survival exceeded 90%, and the plant growth
rate has been exceptional (USFS 2016). While the entire Barton Bench area is 90 acres in size,
most of the wetlands are small, isolated vernal pools. The most contiguous wetland area was
selected for field assessment in this study where previous WVDEP assessments occurred.
Mower Tract ASF Strip
The Mower Tract ASF Strip site is part of the USFS Mower Track restoration efforts.
The wetland is in a high-elevation watershed severely impacted by surface mining (Figure 30).
Restoration efforts included deep ripping, placement of large woody debris, wetland creation,
and replanting with native species. Restoration efforts were completed in 2014.
Oxbow Mitigation Bank
The Oxbow Mitigation Bank site is in Ritchie County, WV, and is a significant
watershed-scale wetland and stream restoration effort (Figure 31). Civil Environmental
Consultants, Inc. and Ecosystem Investment Partners, LLC lead restoration efforts to reverse
impacts from historic agriculture, timbering, roads, and gas infrastructure. Stream restoration
efforts aimed to increase floodplain connectivity and bank stabilization, while wetlands were
created and enhanced in the valley floodplains. Part of the restoration efforts was completed in
2020, but efforts are still ongoing to complete the entire project area. The lower Louthers Run
drainage was selected for field assessment because it provided the most contiguous wetland area
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that had been restored and planted at the time of field sampling (2021). Louthers Run is located
on the western extent of the Bank site and drains directly into the North Fork Hughes River.
Wetland creation in the floodplain of Louthers Run excavated depressional areas able to retain
water, removed invasive species, decommissioned logging roads, and planted woody vegetation.
Planted woody vegetation species include smooth alder, red maple, pin oak, winterberry, silky
dogwood, sandbar willow (Salix interior), and silky dogwood as containerized individuals and
live stakes.
Pleasant Creek WMA DNR
The Pleasant Creek DNR wetland is in Barbour County, WV (Figure 32). The site is part
of the Pleasant Creek Wildlife Management Areas and is east of U.S. Route 250. Before
restoration, reed canary grass dominated the wetland. The WV Division of Natural Resource,
Allstar Ecology, West Virginia University, and the Tygart Valley Conservation District removed
drainage tiles, excavated depressions, and installed water control devices (Clipp et al. 2017).
This restored wetland provides food and habitat to diverse migratory and wintering waterbirds
(Clipp et al. 2017). A list of planted woody vegetation species could not be recovered.
Pleasant Creek WMA DOH Impoundment
The Pleasant Creek DOH Impoundment is in Barbour County, WV (Figure 33). The site
is part of the Pleasant Creek Wildlife Management Area and is west of U.S. Route 250. Pleasant
Creek enters the wetland to the south and meanders through PEM and PSS habitat before
entering an open water PAB and PUB impounded area. The creek exits north of the wetland,
heading downstream to the Pleasant Creek WMA DNR wetland site. Water levels in the
impoundment are managed through water control structures with late spring/early summer
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gradual drawdown and late summer/early fall gradual fill-up (WVDEP 2022). This restored
wetland provides food and habitat to diverse migratory and wintering waterbirds (Clipp et al.
2017). A list of planted woody vegetation species could not be recovered.
Queens Monongahela National Forest
The Queens restored wetland is in Tucker County, WV, along Shavers Fork in the
Monongahela National Forest (Figure 34). The site was historically farmed, grazed, and ditched
before restoration by Tom Biebighauser in 2009 (Noe 2022). Although the site is in Shavers
Fork’s floodplain, it rarely receives overbank flooding (WVDEP 2022). A forested buffer
surrounds the wetland, but Shavers Fork Road is within the buffer to the west. The site is
primarily PSS, with dozens of little open water depressional areas. There is no channelized flow
(WVDEP 2022). The restoration did not include planting woody vegetation and instead relied
upon the seed bank for revegetation (personal communication). Noe (2022) studied small
mammal communities at this location.
Stauffer’s Marsh Preserve
Stauffer's Marsh Preserve is a 46-acre nature preserve in Berkeley County, WV, owned
and managed by the Potomac Valley Audubon Society (Figure 35). The wetland sits adjacent to
Back Creek and was historically used for agricultural purposes. The Natural Resources
Conservation Service restored the site as part of the US Department of Agriculture Wetlands
Reserve Program in 1992. The preserve is publicly accessible for recreation and provides
excellent bird-watching opportunities. The wetland contains a centrally located open water pond
bordered by PSS to the north and PEM with some small patches of PSS to the south. Previous
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West Virginia University studies include Strain (2014) and Noe (2022). A list of planted woody
vegetation species could not be recovered.
Sugar Creek DOH
The Sugar Creek DOH wetland is in Barbour County, WV (Figure 36). The mitigation
site sits in the floodplain of Sugar Creek. This site was constructed in 1995 by WVDOH.
Restoration actions included excavating depressions, installing liners, and building berms to help
retain water (Copen 2004). Some pockets of existing wetlands were not disturbed during
construction (Copen 2004). Groundwater, surface flow, rainfall, and overbank flooding are the
primary water sources of the wetland (Copen 204). Previous West Virginia University studies
include Balcombe (2003), Copen (2004), Gingerich (2010), Strain (2014), and Noe (2022). A list
of planted woody vegetation species could not be recovered.
Triangle Buchannon DOH
The Buchannon Triangle wetland is in Upshur County, WV, and is a mitigation site for
Corridor H (Figure 37). The wetland was constructed in 1992 by WVDOH on a former
floodplain of the Buchannon River (Balcombe 2003). A clay liner was installed intermittently
throughout the project area, and a constructed berm separated the site into two cells (Copen
2004). In addition, a berm was built that limits overbank flooding from the Buchannon River to
the wetland (Copen 2004). The wetland exhibits diverse NWI habitat types. Small areas of PAB
and PFO habitat are supported within a larger, more contiguous PEM wetland. Planted woody
vegetation species include silver maple, Allegheny serviceberry, common buttonbush,
elderberry, red chokeberry, white meadowsweet (Spirea alba), and winterberry (Balcombe
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2003). Previous West Virginia University studies at this site include Balcombe (2003), Copen
(2004), and Noe (2022).
Tygart River Valley Mitigation Bank
The Tygart River Valley Mitigation Bank is adjacent to the Tygart River in Randolph
County, WV (Figure 38). The site historically supported a bottomland hardwood forest but was
converted for agricultural use. Mitigation began in 2010 and included stream restoration,
upland/wetland buffer enhancement, and wetland restoration and enhancement. A narrow strip of
upland habitat splits the wetland into two drainages. Woody vegetation was planted throughout
the site using 1-3 gallon containers, tublings, and live stakes. Species included willow oak, pin
oak, swamp white oak, swamp chestnut oak, green ash, common buttonbush, silky dogwood,
red-osier dogwood, black elderberry, and winterberry. According to the Five Year Monitoring
Report, the site exceeded the number of woody stems per acre. Still, it was below the desired
30% threshold for woody vegetation canopy coverage. Noe (2022) studied small mammal
communities in this restored wetland.
Walnut Bottom DOH
The Walnut Bottom mitigation wetland is in Hardy County, WV (Figure 39). The
wetland was constructed to compensate for aquatic resources impacted during the construction of
Corridor H. The project was built in 1997 and contained three cells separated by two dikes
(Balcombe 2003). The wetland is dominated by PEM habitat and open water ponds, with very
little woody vegetation. An unnamed tributary to Anderson Run flows through the wetland and
serves as the primary water input. During a wetland delineation in 2006, Acer negundo (box
elder) was the only woody vegetation species documented (DOT 2006). Previous West Virginia
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University studies conducted at this wetland include Balcombe (2003), Strain (2014), and Noe
(2022). A list of planted woody vegetation species could not be recovered.

Widmeyer Wetland
The Widmeyer wetland is located on the floodplain of Warm Springs Run in Morgan
County, WV (Figure 40). Construction of the Widmeyer Elementary School destroyed a wetland,
so the Eastern Panhandle Conservation District and the Morgan County Board of Education reestablished the degraded wetlands in 2010. The wetlands were designed to be an outdoor
classroom and provide educational opportunities to the community. The wetland is accessible via
a boardwalk, and the Warm Springs Watershed Association, Conservation District, and the
school installed educational kiosks to share information about wetlands. A list of planted woody
vegetation species could not be recovered.
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Figures

Figure 1. Photograph of Barrackville, a restored wetland in Marion County, West Virginia.

Figure 2. Photograph of Bearwallow Mitigation Bank, a restored floodplain wetland in Ritchie
County, West Virginia.
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Figure 3. Photography of Blister Swamp Private, a restored wetland in Pocahontas County, West
Virginia.

Figure 4. Photograph of Stonecoal run headwaters, a restored wetland part of the Brushy Fork
Mitigation Bank located in Harrison County, West Virginia.
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Figure 5. Photograph of Stonecoal run drainage, a restored wetland part of the Brushy Fork
Mitigation Bank located in Harrison County, West Virginia.

Figure 6. Photograph of Canaan Valley Mill Run, a restored wetland in Tucker County, West
Virginia.
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Figure 7. Photograph of Davis Branch Mitigation Bank, a restored wetland in Raleigh County,
West Virginia.

Figure 8. Photograph of Enoch Branch DOH, a restored wetland in Nicholas County, West
Virginia.
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Figure 9. Photograph of Frozen Camp Creek ILF, a restored wetland in Jackson County, West
Virginia.

Figure 10. Photograph of Furnace Run, a restored wetland in Jefferson County, West Virginia.
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Figure 11. Photograph of Gandy Creek ILF, a restored wetland in Randolph County, West
Virginia.

Figure 12. Photograph of Glade Farm Mitigation Bank, a restored wetland in Preston County,
West Virginia.
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Figure 13. Photograph of Goodrich Lake East, a restored wetland in Fayette County, West
Virginia.

Figure 14. Photograph of Goodrich Lake West, a restored wetland in Fayette County, West
Virginia.
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Figure 15. Photograph of Greenbottom ILF site, a restored wetland in Cabell County, West
Virginia.

Figure 16. Photograph of Hayes Run II Mitigation Bank, a restored wetland in Roane County,
West Virginia.
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Figure 17. Photograph of Hazelton Cell 1 DOH, a restored wetland in Preston County, West
Virginia.

Figure 18. Photograph of Hazelton Cell 2, a restored wetland in Preston County, West Virginia.
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Figure 19. Photograph of Hillcrest ILF Middle Fork Tomlinson Run, a restored wetland in
Hancock County, West Virginia.

Figure 20. Photograph of Hillcrest ILF North Fork Tomlinson Run, a restored wetland in
Hancock County, West Virginia.
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Figure 21. Photograph of Hillcrest ILF South Fork Tomlinson Run, a restored wetland in
Hancock County, West Virginia.

Figure 22. Photograph of Kincheloe 2016 Mitigation Bank, a restored wetland in Harrison
County, West Virginia.
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Figure 23. Photograph of Kincheloe 2019 Mitigation Bank, a restored wetland in Harrison
County, West Virginia.

Figure 24. Photograph of Little Clear Creek North ILF, a restored wetland in Greenbrier County,
West Virginia.
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Figure 25. Photograph of Little Clear Creek South ILF, a restored wetland in Greenbrier County,
West Virginia.

Figure 26. Photograph of McClintic ILF, a restored wetland in Mason County, West Virginia.
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Figure 27. Photograph of Meadow River Mitigation Bank, a restored wetland in Greenbrier
County, West Virginia.

Figure 28. Photograph of Montrose DOH, a restored wetland in Randolph County, West
Virginia.
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Figure 29. Photograph of Mower Track Bartow Bench, a restored wetland in Randolph County,
West Virginia.

Figure 30. Photograph of Mower Track ASF Strip Bench, a restored wetland in Randolph
County, West Virginia.
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Figure 31. Photograph of Oxbow Mitigation Bank, a restored wetland in Ritchie County, West
Virginia.

Figure 32. Photograph of Pleasant Creek DNR, a restored wetland in Barbour County, West
Virginia.
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Figure 33. Photograph of Pleasant Creek DOH Impoundment, a restored wetland in Barbour
County, West Virginia.

Figure 34. Photograph of Queens, a restored wetland in Tucker County, West Virginia.
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Figure 35. Photograph of Stauffer’s Marsh, a restored wetland in Berkeley County, West
Virginia.

Figure 36. Photograph of Sugar Creek DOH, a restored wetland in Barbour County, West
Virginia.
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Figure 37. Photograph of Triangle Buchannon DOH, a restored wetland in Upshur County, West
Virginia.

Figure 38. Photograph of Tygart River Mitigation Bank, a restored wetland in Randolph County,
West Virginia.
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Figure 39. Photograph of Walnut Bottom DOH, a restored wetland in Hardy County, West
Virginia.

Figure 40. Photograph of Widmeyer, a restored wetland in Randolph County, West Virginia.
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Performance standards present the opportunity to translate management actions into
ecosystem conditions and ecosystem conditions into management actions. In Chapter 1, we
frame performance standards as part of the evolving 50-year wetland mitigation policy history,
representing the shift towards a socio-ecological perspective. In Chapter 2, we found
performance standards bridge management and regulatory expectations across state and federal
agencies. In Chapter 3, we explore the diverse ecosystem conditions post-restoration. We
provide a few concluding remarks to put this research study into context. First, we discuss
management recommendations given the inherent variability of ecosystem dynamics postrestoration and emphasize performance standards as an opportunity to shift management
expectations. Second, we synthesize findings across all chapters and brainstorm policy
recommendations.
Management Implications
Conclusions from Chapter 3 demonstrate diverse woody vegetation characteristics exist
post-restoration. Chronosequence study designs have been used to study many ecological
processes in restored wetlands. However, there are many difficulties in using this study design to
draw conclusions. First, chronosequence studies infer temporal patterns by substituting space for
time to investigate ecological processes (Johnson and Miyanishi 2008). However, problems
occur when ecosystem change does not progress positively or linearly (Peltzer et al. 2010).
Climate variability and disturbance can inhibit restoration trajectories, limiting the application of
chronosequence studies (Foster and Tilman 2000). Second, many disparities existed between our
study's older and younger restoration sites. Older restoration sites lacked performance standards,
and design techniques and policy requirements have changed over time. However, in our
research study, the older sites act as targets, but there is no research to conclude these sites
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should serve as benchmarks for woody vegetation, and it isn't easy to use them as targets of
success.
Regardless of the study design, restoration trajectories may be impossible to determine
(O’Neill 1998). Even though systems may look similar, disturbance history and present
interactions make recovery trajectories nearly impossible to predict (Paine et al. 1998). Future
research studies should further investigate the variability between restored wetlands. Merging
landscape ecology and geomorphology may be necessary to understand woody vegetation
growth fully. To better understand development at one location in space, we must focus on all
the processes that converge at that location. In this perspective, a source-pathway-receptor
relationship may be helpful where the source is the disturbance, the pathway is the hydrological
flow mechanism, and the receptor is the ecological parameter of interest (Whiteman et al. 2004).
Quantifying the relationship between hydrology and woody vegetation instead of time may be a
productive means to study successional dynamics.
Findings from Chapter 3 provide rationale and evidence that we must continue to expand
our management expectation of ecological conditions post-restoration. Paired with conclusions
from Chapter 2, performance standards emerge as a balance among restoration stakeholder
perspectives. The structure and format of performance standards reflect how we expect wetland
ecosystems to develop. Performance standards present the opportunity to accept the inherent
variability of nature. Instead of recommending static thresholds of success, post-restoration
monitoring can provide a more holistic understanding of dynamic system development by
acquiring vast amounts of ecological data. Connecting ecological outcomes to design and
construction techniques may be helpful in understanding restoration development and drivers.
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Policy Recommendations
We recommend five action items following the results of this study. First, we recommend
continuing funding for research studies to investigate wetland development post-restoration. We
recommend research studies focus on connecting design techniques to actual ecological
outcomes and incorporating more comprehensive perspectives using qualitative assessments to
understand decision-making within the restoration process. In addition, we recommend a followup study in 5 to 10 years at the same 40 wetland sites to investigate plot- and site-level woody
vegetation development. Second, we recommend performance standards utilize specific and
explicit language. Performance standards should contain an indicator that describes what will be
monitored, an attribute as the particular characteristic to be measured, an action as the verb, a
quantity as the numeric threshold that constitutes success, a time frame or deadline to achieve the
criteria, and a specific location within the study area (Ecology WA 2010). Third, we recommend
separate performance standards for different mitigation types, including restoration,
enhancement, establishment, and preservation. These mitigation types have distinct restoration
goals; therefore, we recommend that each class be evaluated independently with appropriate
success criteria that reflect project goals. Fourth, we recommend incorporating flexibility into
performance standards and customizing standards to general local conditions at the site and
project level. Lastly, we encourage policymakers, researchers, managers, and all restoration
stakeholders to continue to adopt a governance approach to management through continued
emphasis on post-restoration monitoring and adaptive management.
This research has allowed us to look back 50 years and see how wetland mitigation has
evolved from its initial inception to the present day. Looking forward to the next 50 years, can
we predict how wetland mitigation will continue to evolve? Our planet is experiencing a
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significant transformation caused by humanity. With climate change impacts looming ahead, we
must continue to adopt more environmentally sound principles. One thing is certain –
performance standards and post-restoration monitoring will continue to play a vital role and
provide valuable insight into assessing restored ecosystem functionality. Can performance
standards and wetland mitigation act as a step towards socio-ecological resiliency?
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